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FOREWORD

The work described in this report is part of an alkali metal boiling and
condensing heat transfer program conducted by the General Electric Company
under NASA Contract NAS 3-2528. The work was done under the technical
management of Ruth N. Weltmann, Space Power Systems Division, NASA

Lewis Research Center.
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ABSTRACT

The results of boiling potassium experiments conducted with a sodium -
heated Haynes-~25 alloy test facility at temperatures to 1750° F are presented.
The results include data and correlations for the critical heat flux, transition
boiling heat transfer coefficient and boiling pressure loss, as well as a few
values of the superheated vapor heat transfer coefficient. Potassium heat
transfer coefficients averaged over the entire tube length in boiling are also
presented. The data are applied to the design of a large power boiler, which
is analyzed with respect to uncertainties in the design variables.
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NOMENCLATURE
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Area

Radial Acceleration developed by the inserts
Constant in Equation (5)
Constant in Equation (5)
Constant pressure heat capacity
Constant in Equation (5)

Tube diameter

Thermocouple error
Darcy-Weisbach friction factor
Mass velocity

Acceleration due to gravity
Conversion factor

Enthalpy

Heat transfer coefficient
Latent heat of vaporization
Conveérsion factor

Slip ratio; ratio of average vapor
velocity to average liquid velocity

Thermal conductivity
Boiler tube length
Static pressure

Insert twist ratio, tube diameters per
360° revolution of helix

Rate of heat transfer

Heat flux

Thermal resistance

Temperature

Time

Overall heat transfer coefficients
Velocity

Mass flow rate

Angular velocity

Flowing quality

Distance along boiler tube from
potassium inlet
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2
ft

g's

(°F)?
dimensionless
Btu/(lbm—°F)
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°F
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lbm/(ftz—sec)
ft/(secz)
32.2 (ft—lbm)/(secz-lb
Btu/lbm

f)
2
Btu/(hr-ft~ -°F)
Btu/(1b )
m
778 (ft—lbf)/Btu
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Btu/(hr-ft-°F)
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Btu/sec
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(hr—ft2—°F)/Btu
°F
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Btu/(hr—ft2—°F)
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Greek Letter Symbols

o ey DD > 8

Void fraction dimensionless
Difference

Insert tape thickness inches
Angular displacement radians
Vapor residence time in superheated sec

vapor region

Viscosity | lbm/(ft-hr)
Density lbm/ft3
Two-phase frictional pressure loss dimensionless

multiplier integrated with respect
to quality from O to x

Local two-phase frictional pressure dimensionless
loss multiplier

5;H Degrees of vapor superheat, (T—Tsat) °F

Subscripts

a Axial or axial component

B Boiling

c Refers to point of critical heat flux

cb Centerbody of helix insert

e Equivalent

F Flow, friction

£ Refers to the liquid phase

G Refers to pressure gages

g Refers to the vapor phase
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i Inside, inlet

IS Refers to the point where bulk vapor
superheating commences

IB Refers to the point where boiling commences

K Potassium

L Losses
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Subscripts (Continued)
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< T

n

sat

si
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TP
TPF

Refers to momentum component of two-phase
pressure loss

Measured

Sodium
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Overall

Outlet, outside

Primary fluid

Radial

Shell

Refers to the saturation curve

Refers to the inside of the boiler shell
Refers to the subcooled heating region
Refers to the vapor superheating region
Total, Tape, Tangential

Tube

Refers to the transition boiling region
Two-phase

Two-phase friction

Refers to vapor phase

Wall

Dimensionless Groups
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Nusselt number,
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Reynolds number,
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SUMMARY

Boiling potassium heat transfer results obtained in a two-fluid
Haynes 25 alloy facility are presented. The single-tube test section
used is a shell and tube heat exchanger, approximately eight feet long,
in which boiling potassium in vertical upflow in the tube is heated by
sodium flowing in the annulus. Boiler tubes of 0.92-inch and 0.67-inch
inside diameter were tested, both with and without instrumented vortex
generator inserts. Boiling heat transfer and pressure loss data were
obtained from 10% quality to over 200°F of vapor superheat at the test
section exit over the boiler exit temperature range from 1500°F to
1750°F with average heat fluxes up to more than 300,000 Buu/hr-ftz. The
results include data and correlations for the critical heat flux,
transition boiling heat transfer coefficient and boiling pressure loss,
as well as a few values for the superheated vapor heat transfer coefficient.
Potassium heat transfer coefficients averaged over the entire length of

the tube in boiling are also presented.

The results obtained demonstrate the feasibility of high-performance
"once-through" boiling of potassium in tubes containing vortex generator
inserts. The boiling heat transfer and pressure loss data and correlations
presented provide a reasonable basis for thermal design of "once-through”
potassium boilers for space power application. In illustration of this,
design procedures based upon the experimental results and an example thermal
analysis of a large power boiler producing potassium vapor at 2150°F
with 150°F of superheat are presented, together with an analysis of the

significance to design of uncertainties in the main design variables.






I INTRODUCTION

Since 1961 an experimental program has been conducted by the General
Electric Company for the National Aeronautics and Space Administration to
clarify some of the problems associated with forced convection vaporization
and condensation of potassium and to provide basic heat transfer information
needed for development of Rankine cycle space power systems using potassium
as the working fluid. One concept under consideration for the boilers of
Rankine cycle space power systems is the "once-through” boiling process, in
which a subcooled liquid is transformed into a saturated or superheated
vapor in one continuous pass through heated tubes. This concept is attractive
for space power application because it removes the need for a boiler re-
circulation loop, which results in increased reliability and reduced weight
by elimination of the additional pump, flow control and separate superheater

required by recirculating boilers.

A Haynes-25 test facility, employing a sodium-heated single-tube boiler,
was used to approximate the two-~fluid boiling conditions anticipated in space
pover systems. This facility was employed to investigate the forced
convection vaporization of potassium, as applied to the "once-through" concept,
in several single tube geometries, both with and without vortex generator
inserts, at potassium temperatures to 1750°F. Data from these experiments
include boiling potassium heat transfer data as a function of vapor quality
up to more than 200°F of vapor superheat at the boiler exit, heat transfer
coefficients in the various boiling regimes comprising the once-through boiling

process, two-phase pressure drop measurements and critical heat flux values.

Descriptions of the experimental equipment, measurement techniques and data
reduction procedures used, the experimental data, and assoclated analyses and

correlations obtained are presented in following sections of this report,.






II BACKGROUND

Balzhiser, who summarizes the liquid metal literature up to 1961
(Reference 14), points out that very little information is available for
boiling liquid metal systems. Considerable work has been done in the last
twenty years with the more common fluids, but the understanding of two-phase
phenomena even for simple fluids is far from complete because of the complex
nature of boiling and two-phase flow, which involves several flow regimes and
types of boiling in forced convection systems. Collier (Reference 15)
summarizes the two-phase literature up to 1957, and the MIT Two-Phase Summer
Symposium of 1964 (Reference 16) provides up-to-date summary of the status of
the field. Parker and Grosh (Reference 17) provide an excellent literature

survey for the high quality flow regimes in their study of mist flow.

There is no general agreement in the field on the nomenclature and
description of the complex structure of the various heat transfer and flow
regimes which may occur in once-through forced convection boiling. Based upon
the two-phase literature, however, Figure 1 is presented as a conceptual model
of the local conditions thought to occur in a two-fluid once-through potassium

boiler, defining the terminology employed in this work.

Entering subcooled, the potassium bulk temperature is increased by single
phase heat transfer in the "subcooled heating region" until boiling is initiated.
The point of net boiling inception marks the beginning of the "nucleate boiling
region", whose main characteristic is a relatively large heat transfer coefficient.
It is believed that the wall is completely wetted in the nucleate boiling regime.
In the higher quality regions of the regime, it is thought that part of the
liquid flows as a continuous liquid film on the tube wall, the remainder being
entrained in the vapor core. Heat can be transferred in the nucleate boiling
region by conduction through the postulated liquid film and subsequent evaporation
into the vapor core ("film evaporation”), and by boiling with bubble formation

from nucleation sites in the boiler tube wall.

-5-



The point of "critical heat flux", (sometimes called "dry-out", "DNB"
or "burn-out") where the thin liquid film is thought to be destroyed,
tefminates the high performance nucleate boiling region and marks the onset
of the lower performance "transition boiling" region. The lower heat transfer
coefficients determined for the transition region are thought to be caused
by the heat transfer surface being only partially wetted. Heat transfer in
this region is visualized as a combination of heat transfer to patches or
droplets on the boiler tube wall and vapor phase heat transfer from the dry
areas. The transition region is terminated by the onset of "film boiling",
at which point the liquid droplets and patches, thought to wet the wall in
the transition region, become insulated from the heat transfer surface by a
superheated vapor film. The film boiling region extends to the point at which
bulk superheating commences, and the subsequent "superheat region" is the

final step in the once-through boiling process.

Several investigators (References 11, 18, 19) have reported in the
literature that considerable bulk liquid superheat is attained before boiling
commences in the liquid metals, Converse (Reference 12), however, employing
an extension of the bubble nucleation analysis utilized by Bergles and Rohsenow
with water (Reference 20), has shown that boiling in potassium may be initiated
over a range of bulk temperatures, depending upon the local conditions. He
presents calculated results for potassium, allowing predictions of the bulk
temperature at boiling initiation to be made. Boiling is predicted to be
initiated at bulk potassium temperaturessubcooled with respect to the saturation
temperature at high heat fluxes and high saturation temperatures, whereas boiling is
predicted to be initiated at superheated potassium bulk temperatures at low heat

fluxes and low saturation temperatures.

Potassium, due to its relatively large liquid to vapor density ratio at
the temperatures of interest, has a large void fraction for flow in pipes at

low qualities. At a quality of 5%, for example, the void fraction calculated



(Reference 12) for a temperature range of 1500°F to 2100°F varies from 75%

to 50% respectively, increasing with increase in quality. It is expected;
therefore, that the bubbly and slug flow regimes characteristic of low void
fractions will be very short or absent in high performance once-through

boiling. The flow regime thought to be characteristic of the nucleate boiling
region is the annular-mist regime, which consists of a continuous liquid film
wetting the boiler tube wall with some of the liquid entrained in the vapor

core. Converse (Reference 12) has examined two of the vaporization mechanisms
possible under these conditions, a film evaporation model, which supposes heat
transfer by conduction through the liquid film with subsequent evaporation from
its surface, and a boiling model, based upon boiling from nucleation sites in

the boiler tube wall. The heat transfer coefficient predicted by the film
evaporation model decreases with increasing temperature level, increases with
increasing quality and is virtually independent of heat flux level. The heat
transfer coefficient predicted by the boiling model, on the other hand,

increases with both increasing heat flux and temperature level but is independent
of quality. Both of the models predict relatively high heat transfer coefficients
under the conditions of interest (in excess of 5,000 Btu/hr-ft2-°F) at heat fluxes
above 75,000 Btu/(hr—ftz) and qualities above 20%, and generally of the order
10,000 Btu/(hr-ftz—oF). The large magnitude of the nucleate boiling coefficient
is confirmed by the experimental results of Berenson (Reference 21) and the data
of Bond (Reference B0) for forced convection vaporization of potassium in the

annular flow or nucleate boiling regime.

Very few critical heat flux data have been reported for potassium. In
addition to the values obtained in the present investigation, Colver (Reference 22)
has reported pool boiling critical heat flux data over the pressure range 0.1 to .
20 psia, and both Hoffman (Reference 19) and Bond (Reference 12) have recently '
reported values for the forced convection bhoiling of potassium in the net quality
region. Tippets (Reference 23) and Janssen (Reference 24), among others, have

obtained forced convection critical heat flux data in the net quality region for



water, and Tippets (Reference 25) has correlated these and additional data
with a theoretical model which predicts the critical heat flux to decrease
with increasing vapor quality, increasing mass velocity and increasing tube

diameter.

Several investigators (Reference 26, 27, 28, 29) have studied transition
and film boiling for the forced convection vaporization of water in controlled
heat flux test sections, and Bond (Reference 60) has recently obtained
exploratory measurements of transition and film boiling for the forced
convection vaporization of potassium in vertical upflow, also under controlled
heat flux conditions. Transition boiling was characterized in these controlled
heat flux experiments by rather large oscillations of the heater surface
temperature (over 600°F fluctuations were repoited in Reference 27), as compared
to the small fluctuations (about 5°F) characteristic of nucleate boiling, and
the steady surface temperature characteristic of film boiling. The investigators
found the transition boiling heat transfer coefficient to be intermediate in
value between the nucleate boiling heat transfer coefficient and the film boiling
coefficient, the latter being of the same order as calculated for the vapor

phase alone.

The temperature fluctuations observed for transition boiling in the
controlled heat flux tests support the hypothesis of a partially wetted wall.
At constant heat flux, the wall temperature can assume a high value characteristic
of film boiling or a low value characteristic of nucleate boiling, depending upon
the local absence or presence of a droplet or patch of liquid. 1In a two-fluid
or controlled temperature test, however, the temperature fluctuations are
thought to be less in magnitude, as the local heat flux decreases when a local
dry spot occurs. In fact, the maximum possible fluctuation of inside tube wall
temperature in a two-fluid boiler is equal to the radial temperature drop through
the tube wall and primary fluid, which is generally less than 100°F in liquid
metal boilers. There is no such limit on the temperature fluctuations in a

controlled heat flux boiler.



The change from transition to film boiling is characterized in the:
conceptual picture of once-through boiling as occurring when the individual
droplets of liquid become insulated from the heat transfer surface by a vapor
film. Drew and Mueller (Reference 30) describe the film'boiling condition
for individual droplets as the "spheroidal state" (sometimes called the
Leidenfrost effect), and present values measured by various investigators of
the critical temperature necessary for existence of the film-boiling or
spheroidal state. Recent results obtained by investigators at Geoscience
(Reference 31) regarding the vaporization lifetimes of single potassium
droplets on heated surfaces indicate that the critical temperature difference
for the spheroidal state of potassium droplets at the conditions of their
test is approximately 300°F. These results suggest that film boiling may not
have occurred in the two-fluid potassium boiler used in the present experiments,
since no tube wall-to-potassium temperature differences as large as 300°F were
employed in the tests. In a controlled heat flux boiler, on the other hand, at
high heat fluxes film boiling may occur immediately after onset of critical
heat flux conditions, due to the rapid decrease in the heat transfer coefficient

and resulting rapid increase in wall temperature after the critical heat flux.

The effect of vortex-generator inserts upon the heat transfer and pressure
losses in single phase flow and upon the critical heat flux in subcooled boiling
has been extensively studied by Gambill (References 32, 33), who employed twisted
tapes. Gambill was able to correlate the single phase friction factors measured
with twisted tape inserts within approximately 20% by defining swirl-flow friction
factors and Reynolds numbers based upon the helical velocity and path length
and the equivalent diameter obtained with the inserts. This procedure is employed
in Appendix D of this report to correlate water pressure drop data obtained
with helical inserts in support of the boiling potassium data. Gambill also
measured the critical heat flux for subcooled water flowing in tubes containing
twisted tapes, and determined an increase in critical heat flux above that
for tubes without inserts as high as three-fold. Viskanta (Reference 34), in

his forced convection boiling experiments with water, found a similar substantial



increase of the critical heat flux with inserts in the net quality region.

The effect of the vortex-generator inserts upon the heat transfer in
single-phase flow is indicated by Gambill to be more complicated than the
effect upon pressure drop, since there is an effect of the acceleration
produced by the inserts upon the intensity of natural convection in addition
to the velocity and equivalent diameter effects. The few single phase heat
transfer data available in the literature for helical inserts similar to those
employed in the boiling potassium tests, however; are also.correlated as

discussed in Appendix D by use of the helical flow parameters.

It is expected that vortex generator inserts will increase the heat
transfer performance obtained in the transition region, since the radial
acceleration produced by the insert will tend to force the liquid droplets
entrained in the vapor core to the partially wetted tube wall. Blatt and
Adt (Reference 35) present forced convectioﬁ boiling data for Freon-11, obtained
with twisted tapes, which indicate that a substantial improvement in heat

transfer coefficient beyond the critical heat flux is obtained.

A knowledge of the pressure losses occurring during the flow of a boiling
mixture is necessary for the design of forced convection boilers. This
knowledge is necessary not only to size the pump required, but also in the
thermal design, since the fluid pressure and temperature are related by the
saturation curve. The pressure drop during the flow of a boiling fluid includes,
in addition to the frictional loss, a loss resulting from the change in momentum
of the mixture as it flows through the tube and vaporizes. The momentum pressure
drop may be significant in relation to the frictional drop in plain tubes, but
is generally less than the frictional drop in tubes containing vortex generator
inserts, since the inserts increase the frictional loss considerably. The methods
of Martinelli, in which the ratio of two-phase to single phase pressure gradients
are correlated, are widely used for the prediction of two-phase frictional

pressure losses. Lockhart and Martinelli (Reference 36) provide a method for

~10-
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the prediction of two-phase pressure loss under isothermal non-boiling
conditions. Martinelli and Nelson (Reference 37) give a procedure for the
calculation of the two-phase frictional pressure losses during the forced

convection boiling of water.

Converse (Reference 8) has modified the Martinelli-Nelson curves of
Reference 37 for application to potassium, and has also developed a homogeneous
model, based upon quality-weighted viscosities and densities, for the prediction
of the frictional pressure losses for the forced convection boiling of potassium.

The resulting curves of two-phase friction pressure drop multipliers for

potassium.are given in Figures 2 and 3.

References 36 and 37 also provide correlations useful in the prediction

of the momentum pressure losses for water. Converse, however, found these

predictions difficult to generalize to potassium, and recommends that the

boiling momentum pressure losses for potassium be computed from the following

equations, derived in Reference 6.

2
dp G 1
o S VA PR () (1)
dz’y &g A
w2 =L la-xn e/ X [1 (K-1 2
-Pg X APt x h+x -1) (2)

The parameter K in the above equations is the ratio of average vapor

velocity to average liquid velocity for two-phase flow, and is called the slip

ratio. The proper value of the slip ratio to employ in equation (2) is at

Converse (Reference 6) has shown its value to be between

present uncertain.
Fauske

the square root of the liquid-to-vapor density ratio and 1.0.

(Reference 38) found the slip ratio to be equal to the square root of the

liquid-to-vapor density ratio in his studies. Polomik (Reference 39) determined

the slip ratio to be equal to the cube root of the liquid-to-vapor density ratio

-11-



in an analytical study of an idealized model. Levy (Reference 40) derived
the slip ratio from a momentum exchange model of two-phase flow, predicting
values which are approximated at intermediate and high qualities by the square

root of the liquid-to-vapor density ratio for potassium.
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III APPARATUS

Liquid Metal Test Facility

The two-fluid liquid metal test facility employed in the experiments
is shown schematically in Figure 4. Figure 5 is a photograph of the facility -
during construction. The entire facility is constructed of Haynes-25 alloy,
a cobalt-nickel-tungsten superalloy which permits continuous operation with
alkali metals to 1850°F. The alloy is resistant to air oxidation, thus no

special containment or atmosphere is required for the piping and components.

The sodium primary loop of the facility, which represents the reactor
loop of an actual power plant, accepts heat from a gas fired furnace and
rejects heat to boiling potassium in the secondary loop. A reversible helical
induction pump is used in the single phase primary loop and the sodium flow rate is
determined with an electromagnetic flowmeter. The sodium level is indicated by
a "J"' type resistance probe positioned in the standpipe located at the loop high

point and is controlled by inert gas pressurization of the dump tank.

Potassium flowing in the secondary loop is boiled in vertical upflow
in the sodium-heated test section and is condensed in a horizontal air-cooled
single tube condenser. The vertical condenser shown in Figure 4 was not
activated for the tests. The vapor-liquid interface is maintained in a head tank
fitted with level probes, positioned immediately downstream of the horizontal
condenser. The liquid potassium flows through a helical induction pump, an
electromagnetic flowmeter, and finally a throttling valve upon its return to

the test section from the head tank.

The gas fired furnace employed as the prime source of heat is shown
schematically in Figure 6. The furnace is designed for a nominal heat load of
300 KW at a sodium exit temperature of 1850°F. One hundred twenty square feet
of heat transfer area are provided in the furnace by thirty 1.0-inch ID tubes

with 0.210-inch wall thickness, connected by toroidal headers formed from 5~inch
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diameter pipe. The heater shell is air-tight and the flue is valved, so that
alkali metal fumes may be contained in the event of a tube failure. An '
alternate vent line to a scrubber system insures that no caustic fumes will be
relegsed to the atmosphere. Outside of initial adjustments of the fuel-air
ratio, no difficulties were encountered in the operation of the gas fired

furnace. The furnace tubes showed no deterioration over the time of operation.

The liquid metal pumps utilized in both loops are of the helical induction
type, as shown schematically in Figure 7. The pumps consist essentially of a
polyphase stator, a pump duct made up of two concentric tubes with spiral
passages in the annulus and suitable enclosing and supporting framework. The
design point of the primary pump is 20 psi developed head at 200 gpm with sodium
at 1850°F, and the design point of the secondary pump is 100 psi developed head
at 3.5 gpm with potassium at 1850°F. No difficulty whatsoever was encountered

in the operation of the helical induction pumps.

The use of valves in the test facility was limited to those locations
requiring throttling or isolation obtainable in no other way, due to the
inherent lack of reliability in high temperature liquid metal valves. As shown
in the facility schematic (Figure 4), a throttling valve is employed in the
liquid potassium line upstream of the boiler test section and an isolation valve
is provided between the potassium loop and the secondary dump tank. A vapor valve
located in the potassium line downstream of the test section, before the vertical
condenser, was originally provided in the anticipation of a need for vapor
throttling. This anticipated need did not materialize, thus the vapor valve was
dismantled after a failure of the valve bellows during shakedown operation. The
valves were originally designed with Haynes-25 alloy bellows in order to provide
temperature capabilities comparable to the remainder of the facility. The liquid
throttling and potassium dump tank isolation valves, however, never reached
temperatures above 1600°F during facility operation, thus their Haynes-25

bellows were replaced by more ductile stainless steel units near the end of the -
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test program. The use of stainless steel reduced the failure rate of the valve

bellows copsiderably.

Oxide and impurity control in the sodium and potassium loops was achieved
by a combination of hot flushing and hot trapping. Upon startup or following
an inter-loop failure, such as failure of the bellows at the test boiler inlet,
gross impurities in the two loops were eliminated by hot flushing with several
charges of alkali metal, which were discarded. Oxygen content during operation
was maintained at less than 50 ppm by hot-trapping the alkali metals at 1200°F
with zirconium gettering grids in their respective dump tanks between test
runs and by hot-trapping during operation with a gettering grid located in the
potassium head tank. In early stages of operation, a continuous flow hot trap
of columbium-1% zirconium was located in the primary loop. This hot trap was
unsatisfactory, however, in that a sodium-columbium-oxygen alloy was formed in
the trap which was transported throughout the sodium loop. The in-line hot trap

was not used after the initial shake-down operation for this reason.

The liquid metal test facility and its components are discussed in greater
detail in Reference 1, in which the design bases and calculations are also

presented:

Boiler Test Sections

Figure 8 is a disassembled view of a typical boiling test section employed
in the two-fluid boiling facility, also showing one of the vortex-generator
inserts utilized. The test section is a shell and tube heat exchanger with the
potassium flowing inside the tube being heated by sodium flowing in the annulus.
Relative expansion between the boiler tube and the shell of the heat exchanger
is accommodated by a bellows positioned near the potassium inlet end of the
test section. The tube is maintained concentric within the shell by means of

centering pins located at three axial positions,.
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Figure 9 is a schematic view of the test section, showing the instru-
mentation employed. Three 0.095-inch OD platinum-platinum 10% rhodium
thermocouples sheathed in Haynes-25 and insulated with MgO, are positioned
in each of four thermocouple wells located at the inlet and exit of both the
sodium and the potassium streams. Eleven rings containing five 0.062-inch OD
inconel sheathed platinum-platinum 10% rhodium thermocouples each are positioned
at various locations along the outside of the boiler shell to provide information
regarding the axial variation of sodium temperature. As shown in Figure 10, the
shell thermocouples are held in contact with the boiler shell by metal foil tabs.
These thermocouples are held in contact with the shell for approximately 50
thermocouple diameters from the junctions in order to minimize errors due to

heat conduction through the leads.

Slack diaphragm Taylor absolute pressure transducers located at the
potassium inlet and exit (Figure 9) are employed to measure the two-phase
pressure losses. Figure 11 shows the potassium inlet pressure transducer as
installed in the facility. The pressure tap at the potassium exit is located
in the boiler tube itself to avoid correction for the pressure change from the

boiler tube to the exit plenum.

The vortex-generator inserts employed in several of the tests consist
of a 1/4-inch OD tube having a 0.050-inch thick wall, around which is wound
a ribbon so as to form a helical flow path when the insert is placed imside
the boiler tube. The potassium temperature as a function of axial distance is
determined directly in tests with inserts from seven 0.040-inch OD inconel
sheathed chromel-alumel thermocouples positioned inside the insert support
tube. Figure 12 is a photograph of a typical insert, showing the thermocouple
leads. The primary seal between the thermocouples and the insert tube is
provided by a braze, with a secondary seal being provided by a Conax thermocouple
gland. The space between the two seals is filled with argon, pressurized so
that argon will leak into the loop in the event of a primary seal failure, rather

than potassium leaking to the atmosphere.
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Table I shows the combinations of boiler tube diameter and helical
insert pitch-to-diameter ratio (P/D) tested for which data are presented
in this report. The potassium was in vertical up-flow in all cases. The
sodium flow was countercurrent to the potassium flow in all tests except
case 1V, for which both countercurrent and cocurrent sodium flows were
employed. The boiler tube heat transfer length was 91.5 inches and the

shell inside diameter was 2.07-inches in all cases.

TABLE I

BOILER TEST GEOMETRIES

Boiler Tube Boiler Tube Helical Insert
Case 0.D., inches I.D., inches P/D
I 1.00 0.92 2.2
ix 1.00 0.92 6.0
111 0.75 0.67 6.0
Iv 0.75 0.67 No Insert

The sodium inlet and potassium exit well thermocouples were used as
primary standards for the in-loop calibration of the remaining thermocouples.
The well thermocouples were calibrated periodically within + 1°F in a melting
point apparatus at several temperatures bracketing the range of test operation.
A technique employing two sodium flow rates at several temperatures with the
potassium loop evacuated, described in Appendix A, was employed to determine
the test section heat losses and to calibrate the sodium exit well thermocouples
relative to the sodium inlet well. The heat losses so determined are 1 to 3 KW,
depending upon the temperature level. The primary well thermocouples are judged
accurate to within + 1°F relative to each other and within + 2°F on an absolute
basis. The higher precision obtained in the relative calibration is important,
since the total amount of heat transferred in boiling runs is determined from

the temperature change in the sodium stream,

The shell thermocouples were calibrated relative to the sodium well thermo-
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couples at two temperatures with the potassium loop evacuated, at maximum
sodium flow rate, under which conditions the temperature change between
sodium inlet and exit is less than 1°F. The corrections to the shell
thermocouples made in this manner were generally about 10°F and are believed

accurate to approximately + 2°F,

The insert thermocouples were calibrated against the potassium exit well
thermocouples with low quality, low power boiling runs in which the temperature
change due to two-phase pressure loss is small. The corrections applied were

approximately 10°F and are believed accurate to + 2°F.

The Taylor pressure transducers were calibrated versus a standard gas
gage by inert gas pressurization of the secondary loop. The calibration of
the Taylor gages was found to be dependent upon the diaphragm temperature. Thus
the transducers were maintained at a constant temperature during test operation

by means of auxiliary heating wire.

The pressure gage calibrations obtained by both decreasing and increasing
the pressure, and before and after a test run, generally agreed within + 1 psi.
Thus the accuracy obtained in the two-phase pressure measurements is judged
to be about + 3/4 psi. 1In addition to the measurement of two-phase pressure
loss, the potassium exit pressure gage was used in conjunction with the exit
temperature measurement as one means to detect vapor superheat in the boiling
runs. Figure 13 shows the measured potassium exit pressure versus the
measured exit temperature for the superheated vapor runs obtained from Test Cases
I, II and III. Also plotted for Test Case I are data for which the calculated
exit quality is between 10% and 90%. The latter results are generally within +
1 psi of the potassium saturation curve as determined by the Naval Research
Laboratories (Reference 41). This is a further indication of the accuracy of

the pressure measurements.

The relationships between flow rate and output signal from the electro-
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magnetic flowmeters in both loops of the facility were obtained by theoretical
In order to minimize errors inherent in this

calculation (Reference 61).

procedure, measured values of the field strength of the magnets, which were
An indication

maintained at low temperatures, were used for the calculations.
of the resulting accuracy in flow determination was obtained through inter-

calibration of the two flowmeters by heat balance around the test section, using

The disagreement obtained was 2%, which is believed to be

liquid-liquid runs,
also representative of the probable error in the individual flow determinations.
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IV FACILITY OPERATION, STARTUP AND TEST PROCEDURE

The operation and performance of the test facility, although complex
in detail, is rather simple from an overall viewpoint. The prime variables
under the control of the operator are the primary and secondary loop liquid
metal flow rates, the amount of fuel to the gas fired furnace (and thus the
power level), and finally, the cooling air flow rate to the potassium vapor

condensers.

The cooling air to the condensers is supplied at essentially room
temperature, and its temperature rises as it passes through the condenser
by accepting heat from the condensing potassium. The air temperature rise,
and thus the average air temperature, increases as the air flow rate is reduced
at a particular facility heat load. The potassium temperature level in the
condenser at a particular power level is therefore controlled by the condenser
air flow rate, since the condenser potassium temperature is related to the
average air témperature by the heat transfer characteristics of the condenser.
" This also constitutes control of the potassium temperature at the boiler exit,
as the temperature change between the boiler and condenser, which is generally
small, is determined by the two-phase pressure losses in the connecting piping.
The cooling air flow rate controls the two-phase potassium pressure as well as the
temperature, since the pressure and temperature are related together at saturation

conditions.

The sodium temperature in the boiler at a particular power level is
similarly set by the heat transfer characteristics of the boiler and the

temperature of the boiling potassium.

The test facility has no auxiliary preboiler, thus the vapor quality of
the potassium at the boiler exit cannot be set independently of the heat load
and the potassium flow rate. At a set heat load, the quality is increased by

decreasing the potassium flow rate and at a set potassium flow rate, the potassium
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quality is increased by increasing the heat load.

The facility was operated at fixed potassium inventory, that is, with
the valve connecting the potassium dump tank and the secondary loop in the
closed position. Stable operation was more easily achieved with the dump
tank valve closed, presumably because the tank was partially filled with argon
and acted as a compressible volume. It was also found during early shakedown
tests that the facility tended to be unstable if the potassium vapor-liquid
interface was held inside the horizontal condenser, whereas stable operation
was achieved when this interface was maintained in the head tank immediately
following the condenser (Figure 4). With the interface located in the
condenser, small fluctuations in potassium flow rate could change the position
of the interface in the condenser, resulting in a change in the condensing
length and therefore causing a perturbation in the instantaneous rate of heat
rejection, which would tend to propagate the disturbance. Maintaining the
interface in the head tank, however, may have eliminated propagation of the
disturbances, since the condensing length remained constant. Flow fluctuations
do not change the liquid level in the relatively large diameter head tank to
any significant degree, which further reduced propagation of flow disturbances.
All test operation of the facility was conducted with the potassium vapor-liquid

interface located in the head tank for these reasons.

Test operation of the facility is restricted by the limitations of the
individual components. In particular, the gas fired furnace is limited to a
heat load of 300 KW at a sodium temperature of 1850°F. The condensing capability
of the facility is not limiting. The calculated capacity of the horizontal
condenser alone is 410 KW at a potassium temperature of 1200°F and 595 KW at a

potassium temperature of 1600°F.
Determination of the performance of the boiler wag the prime purpose of the

experiments. An upper limit to the boiler power capability can be calculated for

test planning purposes by assuming the thermal resistance of the boiling potassium
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to be.negligible. The maximum amount of heat which can be transferred by

the boiler under these conditions is set by the thermal reSistaﬁces of the
boiler tube and the sodium primary fluid, and the average temperature difference
between the sodium and potassium. The maximum amount of heat transférred by the
boiler is zero at a potassium temperature of 1850°F, corresponding to the
maximum allowable sodium temperature, and increases as the potassium temperature
is lowered. Another limitation of the heat transfer capability of the boiler at
low potassium temperatures is determined by a maximum vapor velocity equal to
the sonic velocity {(Mach number equal to one). The potassium vapor velocity
corresponding to a given flow rate and quality is higher at lower potassium
temperatures, since the vapor density decreases with decreasing temperature.

The Mach 1 or choking limitation, therefore, is most severe at low potassium

boiling temperatures.

Figure 14 shows the facility operational limitations determined as
described above and plotted versus the potassium temperature at the boiler exit.
It is seen that the boiler is the limiting component in the facility, a maximum
possible heat transfer rate of 220 KW being predicted at a potassium temperature
of 1500°F. It is emphasized that the curves shown represent the maximum
possible performance of the boiler, since the boiling potassium heat transfer
resistance was assumed negligible. This assumption is realistic for low
potassium qualities, when the high-performance nucleate boiling region extends
over the entire length of the boiler tube. At high potassium qualities, however,
the potassium thermal resistance is appreciable due to the onset of the low-
performance transition boiling and vapor superheat regions; thus at high gqualities,

the actuval heat transfer limitations are more severe than indicated.

Also shown on Figure 14 are the two temperatures selected for the test plan
employed in the boiling experiments. Test temperatures as high as possible,
consistent with a reasonable allowable range of power levels, were selected.

The higher range is of most interest in relation to the probable operating
temperatures of a space power system. In addition, the large temperature

differencesoccurring in operation at low potassium temperatures place large
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thermal stresses upon the test section expansion bellows, which failed
several times during the course of the experiments. - Finally, the ductility
of Haynes-25 Alloy is a minimum at 1200°F, maximizing the effects of thermal

stress. Low temperature operation was avoided for these additional reasons.

At each of the two potassium exit temperatures selected (1550°F and
1700°F), boiling data were obtained for at least two values of the potassium
flow rate. The potassium boiler exit quality for each flow rate was varied by
changing the boiler power. Data were obtained as the boiler power was increased
in steps effected by changes in the fuel rate to the gas-fired heater. These
increases in power caused the boiler exit quality to increase proportionally.
The sodium temperature also increased under these conditions due to the increased
sodium-to-potassium temperature difference required at the higher power levels.
The maximum boiler exit quality obtained at a particular potassium flow rate and
temperature was determined by the sodium temperature reaching 1850°F, the
maximum allowable sodiur temperature. The sodium flow rate was held constant
during these tests by adjustments made to the sodium pump. The potassium flow
rate was held constant by adjustments made to the potassium pump. The potassium
boiler exit temperature was held constant by adjustments made to the condenser
cooling air flow rate, which affects the potassium boiler temperature as described
previously. The potassium liquid throttle valve was employed during these
experiments to minimize fluctuations in the potassium flow rate. If fluctuations
in the potassium flow rate were observed at a particular test point, the throttle

valve was closed until the fluctuations were minimized.

The test procedure described above, in which the sodium and potassium flow
rates and the potassium exit temperature were held constant while the potassium
quality was changed by changes in power, was followed for most of the boiling
data obtained. Towards the end of the test program, however, a few additional
data were obtained according to a second test plan. In the second plan the
sodium flow rate and potassium boiler exit temperature were held constant as

well as the boiler power. Under these conditions, the boiler potassium exit
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quality was varied by changes made in the potassium flow rate. The sodium
flow rate and the potassium exit temperature were maintained constant by
adjustments to the sodium pump and the condenser air flow rate as before.
The power was maintained constant by holding the fuel rate to the gas fired

furnace constant.

Startup of the test facility proceeded from a condition in which both
primary and secondary loops were evacuated with the facility mechanical vacuum
pumps and were heated to approximately 600°F by means of auxiliary electrical
heating wire. The alkali metals were contained in their respective dump tanks

prior to startup, also heated to 600°F or above with auxiliary heating wire.

The primary loop was filled by pressurizing the sodium dump tank with
argon, thereby forcing the sodium into the evacuated loop. Level sensors
located in the loop standpipe indicated when the proper inventory was obtained.
A small compressible volume of argon was maintained above the sodium level in
the standpipe to allow for thermal expansion of the sodium during operation.
The sodium pump was activated and the gas fired furnace was turned to minimum

heat prior to filling of the primary loop.

The potassium loop was filled in a similar manner, in that potassium was
forced to flow into the evacuated secondary loop by argon pressurization of the
potassium dump tank. For boiling runs, however, the secondary loop was only
partially filled, the proper inventory being determined by level probes located
in the potassium head tank. When the desired inventory was attained, the valve
between the secondary loop and dump tank was closed, the secondary pump was
activated and cooling air flow to the potassium condensers was initiated. Boiling
was initiated as the potassium was pumped into the sodium~heated boiler test

section.
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V EXPERIMENTAL RESULTS

Several types of heat transfer and pressure loss parameters have been

derived from the two-fluid boiling potassium experiments conducted in the

test facility:

Overall Results, which consist of the measured flow rates and

temperatures of sodium and potassium, the boiling pressure drop,
the power level and the potassium exit quality, were obtained.

The overall results illustrate the gross performance obtained

and permit the design of multiple-tube boilers using approximately

the same tube sizes and geometries as those tested by direct scale-up.

Average Boiling Potassium Heat Transfer Coefficients (obtained as

averages over the entire boiling length of the tube) are presented,
and were calculated by subtraction of the subcooled heating region
and the sodium and tube wall thermal resistances from the overall
boiling thermal resistance. The average coefficients may be applied
to boiler designs with boiler tube materials and lengths, primary
fluids, boiling pressure losses and potassium subcoolings different
from those obtained of any particular test point. They are in
general, however, averaged over more than one heat transfer regime
of the once-through boiling process and cannot be extrapolated with

confidence beyond the range of local potassium conditions tested.

Local Results for the individual boiling regimes and values for the

critical heat flux were obtained from the data and correlated. These
results enhance understanding of the once-through boiling process and
provide the greatest generality for extrapolation beyond the range of

test conditions.

The Boiling Pressure Loss data have been corrected for the momentum
pressure loss, and the frictional component has been compared to

values predicted for potassium.
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The procedures employed to calculate the various parameters are
presented in detail in Appendix A of this report. Tabulated results are

given in Appendix B.

Overall and Average Results

The pressure and temperature measurements made and the overall results
obtained for two typical once-through boiling data runs with exit superheat
are shown in Figure 15. The two cases presented were obtained with the
0.92-inch ID boiler tube and have similar values ot the sodium inlet temperature,
potassium exit pressure and mass velocity but have helical inserts of different
twist ratio (P/D). It can be seen from the figure that considerably more exit
superheat is obtained in the run with the tighter twist ratio. The payment
for this performance increase is made in terms of an increased boiling pressure
drop; the measured potassium pressure drop for the P/D = 2 case is 10 psi
compared to 4 psi for the P/D = 6 case. The overall performance obtained in
these cases with inserts is impressive in view of the fact that the maximum

potassium exit quality obtained in tests at similar conditions in the same

test boiler, but without inserts, was less than 90%.

Overall results of the type presented in Figure 15 are useful in that
they indicate the feasibility of compact once-through boilers, and permit the
design of multiple-tube boilers by direct scale-up. It is unlikely, however,
that a potassium boiler for power system application would be operated under
conditions identical to the test conditions. It is therefore necessary teo
separate the thermal resistance of the primary fluid and of the boiler tube
wall from the overall thermal performance of the test boiler, so that the

effects due to the potassium alone may be studied and generalized.

"average"

A first step in this direction was taken by computation of
boiling potassium heat transfer coefficients for the data obtained. The
details of the computational procedures employed are given in Appendix A.

In brief, the liquid or subcooled heating region was removed by calculation
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and an overall heat transfer coefficient was computed for the boiling length
of the tube by employing a logarithmic average of the overall sodium-to-
potassium temperature differences at the initiation of boiling and at the
potassium exit. The subcooled potassium region is generally 10% of the total
boiler tube length, the curves of Figure 15 being typical in this respect.
The average boiling potassium heat transfer coefficient was calculated from
the overall thermal resistance by subtraction of the sodium and tube wall
thermal resistances. Lyon's equation (Reference 42) for an annulus was

used to compute the sodium resistance and the tube wall resistance was

calculated from its thermal conductivity (Reference 43) and thickness.

Values of the average boiling heat transfer coefficient obtained with
the 0.67-inch inside diameter boiler tube containing no insert are shown in
Figures 16 and 17 for both cocurrent and countercurrent flow of the sodium
heating fluid with respect to the boiling potassium. Figure 16 shows the
effect of boiler exit quality and mass velocity, and Figure 17 indicates the
effect of quality and potassium temperature level. Results obtained with the
0.67-inch ID tube containing a P/D = 6 helical insert are plotted in Figure 18
versus quality with both mass velocity and temperature as parameters. In
Figure 19, the non-insert results for both cocurrent and countercurrent sodium

flow are compared with the insert values.

The effect of tube diameter upon the average heat transfer coefficients
with inserts is shown in Figure 20, in which data for both the 0.67-inch ID
and 0.92-inch ID tubes containing P/D = 6 helical inserts are plotted.
Figures 21 and 22 present the average boiling heat transfer coefficients
obtained with two different twist ratios in the 0.92-inch ID boiler tube,

showing the effect of insert twist ratio at two different boiling temperatures.

The following observations can be made from the results presented in

Figures 16 through 22.
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The average boiling heat transfer coefficient, both with and
without insert, increases with increasing temperature over the
range covered (Figures 17 and 18). This effect is less pronounced
with inserts at qualities near 100% and apparently disappears or

even reverses for superheated exit conditions (Figure 18).

At qualities up to approximately 60%, the average heat transfer
coefficient without insert increases with both increasing quality
and increasing mass velocity (Figure 16). These effects are not
well defined for the data with inserts, and apparently are absent

for the 0.67-inch ID tube with P/D = 6 insert (Figure 18).

The results presented indicate that there is a quality at which

the average boiling heat transfer coefficient is maximum and above
which the heat transfer coefficient decreases rapidly with further
increases in quality. Figure 16 indicates the quality at the point

of maximum coefficient increases with decreasing mass velocity under
both cocurrent and countercurrent flow conditions for the tube without

insert.

Figure 19 shows that higher qualities are reached before the decrease
in heat transfer coefficient under cocurrent flow conditions than with

countercurrent flow at the same mass velocity.

The results presented for the 0.67-inch ID boiler tube (Figure 19)

show helical inserts to be clearly effective in that exit superheat was
obtained with inserts whereas without insert a maximum quality of only

about 90% was obtained. The overall results of Figure 15 and the heat

transfer coefficients of Figure 21 for the 0.92-inch ID tube with

inserts confirm the high performance that can be obtained with helical

inserts. Figures 19, 21 and 22, however, show that the insert apparently
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decreases the heat transfer coefficient in the intermediate region
of exit quality. This effect is especially apparent in Figure 22

at the higher mass velocity and lower temperature, where the heat
transfer coefficient at 70% quality is approximately 12,000
Btu/(hr—ft2—°F) for the P/D = 6 insert and 4,000 Btu/(hr—ft2-°F)

for the P/D = 2 insert. The effect is less at the lower mass
velocity and higher temperature of Figure 21, the coefficient

being approximately 8,000 Btu/(hr—ft2—°F) for the P/D = 6 insert

and 6,000 Btu/(hr—ft2—°F) for the P/D = 2 insert at 70% exit quality.

Local Heat Transfer Results

In order to further enhance the understanding of the once-through boiling
process for potassium, thereby aiding the application of the data to boiler
design, a considerable effort was devoted to the analysis of the two-fluid boiling
data on a local basis. Figure 23 shows the measurements made for a typical
once-through boiling run to exit superheat conditions with a helical insert
in the test section. Figure 24 shows the calculated local heat fluxes, qualities
and heat transfer coefficients as a function of boiler length for the same run.
This run exhibits four distinct heat transfer regimes; namely, subcooled heating,

nucleate boiling, transition boiling and vapor superheating.

It should be noted in Figure 23 that there is no clear evidence of a
distinct film boiling regime at the end of the transition boiling regime prior
to beginning of bulk superheated vapor conditions. It is thought that this may be
due to the controlled temperature characteristics of the two-fluid boiler, which
results in an upper limit to the wall-to-coolant temperature difference that,
at the test conditions used, was not sufficiently high to cause the wall to

become completely dry as is required for fully-established film boiling.

The discontinuity of slope in the sodium temperature profile indicated by
the shell temperature measurements shown in Figure 23 is assumed to be the
critical heat flux point and the beginning of transition boiling. The position
at which the potassium temperature begins to rise near the tube exit is assumed

to mark the beginning of the superheated vapor region. The amount of heat
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transferred in the superheat region is calculated from an energy balance using
the measured potassium temperature rise to the exit.- The point of boiling
inception and the amount of heat transferred in the subcooled liquid region

are similarly calculated from energy balances using the local potassium
temperatures given by_the insert thermocouples. For runs in which no insert

was used, superheated vapor exit conditions were not attained and, consequently,
only the subcooled heating region and nucleate and transition boiling regions
were present. For these runs without insert, the potassium temperature at
boiling inception was obtained using the inlet pressure gage in conjunction with
saturation temperature-pressure properties, and the subcooled heating length

was determined by single-phase heat transfer calculations.

The average heat flux in the nucleate boiling region is calculated from
the axial shell temperature gradient in this region, which is assumed to be
equal to the sodium axial temperature gradient. From the average heat flux
and the length of the nucleate boiling region, the amount of heat transferred
in the region is calculated. The heat transferred in the transition boiling
region is determined as the difference between the total heat input to the
boiler and that transferred in the other regions. The average heat flux in
the transition region is then calculated from the length of the region

indicated by the shell and insert thermocouples.

The local guality and local sodium temperature at various points along
the tube, including the critical heat flux point, are calculated by heat
balances, employing the values of heat flux and length determined for the
various regions. The local potassium temperature, obtained from the insert
thermocouples, and the calculated local sodium temperature are utilized to
calculate overall heat transfer coefficients for the various regions. From
these coefficients, a potassium heat transfer coefficient for each region
is obtained by subtracting the thermal resistance of the sodium and boiler

tube wall from the overall thermal resistance.
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The nucleate boiling heat transfer coefficients calculated in the
above manner are large compared to the tube-wall and sodium coefficients
and therefore represent a small fraction of the overall thermal resistance in
the nucleate boiling region. This fact precludes their accurate determination
in the two-fluid facility utilized. The overall heat transfer coefficient in the
nucleate boiling region, which includes the average nucleate boiling heat
transfer coefficient and the effective coefficients for the tube wall and the
sodium, can be employed, however, to calculate with good accuracy values of the
local heat flux in the nucleate boiling region. In particular, the critical
heat flux can be readily calculated as the product of the overall nucleate boiling
heat transfer coefficient and the sodium-to-potassium temperdture difference at

the critical heat flux point.

A more detailed description of the calculational procedures utilized to obtain
the local results is given in Appendix A. All of the local results obtained,
including those plotted for the sample run in Figure 24, are tabulated in
Appendix B, The critical heat flux data, transition boiling coefficient data,
and the superheated vapor coefficient data obtained are presented graphically

following.

Critical Heat Flux Results

Figure 25 shows a critical heat flux parameter plotted as a function of
quality for the data obtained with the 3/4—in9h nominal diameter boiler tube
both with and without insert. Experiments in pool boiling have indicated that
the critical heat flux is proportional to the fourth root of the local acceleration
(Reference 44, 45); therefore, the forced convection critical heat flux values
obtained for potassium with inserts have been divided by the fourth root of
(1 + ah) to give a critical heat flux parameter. The radial acceleration of
the fluid in g's (aR) developed by the insert is given by Equation (3) as a
function of the insert and fluid constants. This equation is derived in

Appendix C and is as follows:
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Figure 25 shows that the critical heat flux parameter data obtained with
the insert are in fair agreement with the values obtained without insert,
indicating a decrease in critical heat flux with increasing quality. For the
insert data presented, the calculated radial acceleration varies from 65 to 90 g'.
Figure 25 is presented as two plots of the same data, one with temperature shown
as parameter and the second with mass velocity as parameter. No definite groupin;
of the data with respect to either parameter is observed. This indicates that
the effects of temperature and mass velocity upon the critical heat flux
paraméter are less than the data scatter of about + 30% over the ranges covered,

when plotted as shown.

All of the critical heat flux data obtained from the two-fluid facility
experiments, including values from the O.67-inch ID tube, with and without
P/D
P/D

6 helical insert, and from the 0.92-inch ID tube with P/D = 2 and

6 helical inserts are plotted in Figure 26 and tabulated in Appendix B.
Also shown on Figure 26 are some of the critical heat flux measurements of
Bond (Reference 60), which were obtained for potassium in forced convection
flow at higher saturation temperatures in a controlled heat flux facility,
both with and without a helical insert of P/D = 6. The data in Figure 26 are

correlated reasonably well by the following empirical equation:

1 6
4
.,  (+apt x10 Btu
9 = x ) (4)
1 + 2 (=) hr-ft
1-x

Equation (4) correlates the critical heat flux data within a probable
error¥ of 26%. The data upon which the equation is based encompass the

following range of variables:

*The probable error is that deviation whose probability of being exceeded is
one-half (Reference 46).
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Saturation temperature 1522 to 2106°F

Mass Velocity 15 to 101 lb/(ftzsec)

Heat Flux 50,000 to 532,000 Btu/(hr—ftz)
Quality 0.40 to 0.93

Radial Acceleration 0.0 to 117 g's

Tube Internal Diameter 0.42 to 0.92 inches

Transition Boiling Heat Transfer Coefficients

A correlation of the transition boiling heat transfer coefficients

was attempted, based upon the following reasoning:

The results from potassium droplet vaporization experiments

by Geoscience (Reference 31) show that the vaporization lifetimes
of single droplets increase rapidly with increasing temperature
difference between the heated surface and the droplet before the
onset of film boiling. These data suggest that the wall-to-
coolant temperature difference AT is an important parameter

affecting the heat transfer coefficient in transition boiling.

The local vapor quality x must be a significant variable, since
the amount of liquid which can be in contact with the heat transfer

surface decreases with increasing quality.

The transition boiling heat transfer coefficient hTB should reduce

to the vapor phase heat transfer coefficient hv at 100% quality.

The radial acceleration generated by a helical insert, aR, given by
Equation (3) should increase the transition boiling heat transfer
coefficient, because the centrifugal force generated tends to
increase the fraction of liquid in contact with the heat transfer
surface. The data of Blatt and Adt (Reference 35) for the forced
convection transition boiling of Freon-11 in tubes containing twisted

tapes support this assertion. These investigators observed that the
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twisted tapes caused a substantial increase of the transition

boiling heat transfer coefficient.

These four considerations resulted in the following equation:

h
TB
G, "V e ® g c
— =B(T) (Z\f) (5)
(1 + aR)

The exponent c¢ was determined by plotting the left side of Equation (5)
versus 1/AT, using the non-insert data for which aR = 0. The parameter
(1-x)/x did not vary significantly for the non-insert data used in the
determination of ¢. The result is shown in Figure 27, from which it is seen

that an exponent of ¢ = 2 fits the data quite well.

The exponents a and b together with thﬁ coefficient multiplier B were
determined by plotting all of the data as (HEE - 1/(1 + aR)a versus
b v

- 1
(EEE) —5 and adjusting a and b until the best fit straight line was

AT
obtained. The vapor phase heat transfer coefficient hV was computed assuming

all-vapor flow at the total mass velocity for each data point. The Colburn
equation (Reference 47) was employed to calculate hV for the non-insert data.

A modified form of the Colburn equation derived in Appendix D using Greene's

data for liquid water in helical flow (Reference 33) was employed to calculate
hV for the transition boiling data obtained in tubes containing helical inserts.
Values of the acceleration group exponent, a, equal to 1/4 to 1/5 were considered
in the empirical fitting of the experimental data. The 1/4 power dependence is
suggested by the critical heat flux results, while the theoretical analysis of
Reference 48 for individual droplets suggests a 1/5 power dependence. A value

of a = 1/5 and b = 0.7 with ¢ = 2 gave the best agreement with the data.
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Equation (8) resulted from the fitting of the potassium transition

boiling heat transfer coefficient data as described above.

h

TB 0.7
GF—-D 2.55 x 10° (%)

v — X (6)
1+ aR)l/5 (AT)2

The values upon which the equation is based are tabulated in Appendix B

and cover the following range of test variables:

Saturation Temperature 1512 to 1704°F

Mass Velocity 16 to 101 1b/(ft2 sec)
Tube Wdll to Potassium AT 58 to 244°F

Quality : 44 to 93%

Radial Acceleration O to 140 g's

Tube Internal Diameter 0.67 to 0.92 inches

The transition boiling heat transfer data are compared to the empirical
correlating equation on Figure 28. Equation (6) agrees with the experimental
data from the two-fluid facility within a probable error of 20%. Also plotted
in Figure 28 are some of the forced convection potassium transition boiling
heat transfer coefficient data obtained by Bond (Reference 60) at 2100°F in a
controlled heat flux facility. These data were plotted after the correlation
was established from the lower temperature two-fluid data. Agreement of the
data from the constant heat flux facility with the data from the two-fluid

facility and with the correlation is fairly good.

Superheated Vapor Heat Transfer Coefficients

The superheated vapor heat transfer coefficients calculated from the
boiling data runs with exit superheat are summarized in Table II. A complete

tabulation of the superheated vapor data obtained is given in Table XVII. Also
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listed in Table II are values calculated using Equation (7) following, which is
a correlation of water heat transfer coefficients obtained for tubes containing
helical inserts. Equation (7) is derived in Appendix D, based upon the data

of Greene (Reference 33).
-~ 0.563

- 0.359 _e H
( . ) (N_))

h D D V

v e 1/3

7
Pr (7

The deviation between the experimental and predicted superheated vapor
heat transfer coefficients is large, as can be seen in the tabulation. The
experimental values range from one-third to as high as three times the predicted
values. There are several possible reasons why the experimental data could be

either higher or lower than the prediction, as discussed following.

1. Equation (7), from which the "predicted values" are calculated, is
an empirical expression derived in Appendix D from liquid water heat
transfer data obtained in tubes containing helical inserts. Gambill
(Reference 33) points out that vortex generator inserts will have a
different effect on the heat transfer of liquids than of gases due
to differencesin natural circulation caused by the radial acceleration
developed by the inserts. The radial acceleration produces a density
gradient in gases which opposes the natural circulation effects in
heating, whereas no such density gradient is created in liquids due
to their incompressibility. Heat transfer data with gases using
helical inserts and additional gnalysis are required to substantiate

this effect.

2. There is at present considerable uncertainty in the thermal conductivity
and viscosity of potassium vapor. The theoretical vapor thermal
conductivity and viscosity curves presented by Weatherford (Reference 49)

were employed in this investigation. A single experimental potassium
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Date

05274

05274

07014

10114

10124

10124

10124

10174

Time

0005

0020

2120

0230

0800

1220

1240

0400

Tube
I.D.

inches

0.92

0.92

0.92

0.67

0.67

0.67

0.67

0.67

TABLE 11

Summary of Superheated Vapor Results

Insert S
P/D o
2 54
2 215
2 141
6 55
6 133
6 119
6 150
6 211

h
SH

(ExperimeEtal)

Btu/(hr-ft

- °F)

33.4

200.8

173.9

34.7

49.1

20.9

34.4

57.4

h
SH

(From Eq, 7)
Btu/(hr-ft= - °F)

56.1

52.4

50.4

74.3

93.8

56.8

76.5

105.3



vapor thermal conductivity point found in the literature

(Reference 50) is approximately 25% higher than the predicted

value. This agreement is good when the rather complex structure

of potassium vapor is considered. The presence of molecular
aggregates (dimers, trimers, etc) in potassium vapor make it

impossible at present to accurately predict the potassium vapor
transport properties theoretically. The theoretical transport
properties, in addition, do not take into account the influence

of pressure and are therefore only applicable at vapor state

points far removed from saturation conditions, where the influence

of pressure is small. The generalized transport property predictions
of Stiel and Thodos (Reference 51) show the vapor thermal con-
ductivity and viscosity to be affected by pressure near saturation
conditions for simple fluids, which suggests a similar effect for
potassium vapor. The use of Weatherford's potassium vapor transport
predictions near the saturation curve, for the analysis and prediction
of potassium superheated vapor heat transfer coefficients, is therefore

expected to be uncertain.

Heat transferred by thermal radiation might possibly constitute a
significant portion of the total heat transferred to superheated
potassium vapor at the temperatures associated with the experimental
data. This effect would result in experimental superheated vapor heat
transfer coefficients which are higher than those predicted for forced

convection alone. An analysis of this effect is given in Reference 60.

Parker and Grosh (Reference 17), in their study of heat transfer to
steam in mist flow in a tube, found with a liquid droplet detection
device that entrained liquid droplets persist beyond the point of

100% quality calculated by heat balance and exist in a non-equilibrium
state in conjunction with superheated vapor. They explain certain of

their data which yield heat transfer coefficients lower than those
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predicted for superheated vépor on this basis, arguing that the
entrained droplets cool the thermocouple at the exit of the tube
below the actual local vapor temperature. This results in méasured
tube wall-to-potassium temperature differences larger than

actually the case for the vapor, which gives indicated experimental

heat transfer coefficients that are lower than the actual values.

Such effects may be present in the superheated potassium data
presented in Table II. One would expect that the number and size
of such droplets entrained in the superheated vapor would diminish
both as the residence time of the droplets in the superheat region
increases and as the degree of superheat of the vapor increases.
Increased residence time allows a greater fraction of the droplets
to be vaporized for a given evaporation rate, and increased vapor
superheat should increase the evaporation rate. If entrained droplets
are a factor in the potassium results, the experimenéal superheated
vapor heat transfer coefficient should increase as the product of
the vapor superheat and the residence time increases. Figure 29 is
a plot of the ratio of experimental to predicted potassium superheated
vapor heat transfer coefficients as a& function of the product of the
exit vapor superheat ('SSH) and the residence time of the vapor in the
superheated vapor region (Gh). The vapor residence time is the quotient
of the superheated vapor length (LSH) and the vapor velocity (Vg) as

follows:

o ._su _ sH (8

Figure 29 shows that the experimental superheated vapor heat transfer
coefficients obtained increase with the product (SSH @R), which
indicates that they might have been affected by the presence of liquid

droplets entrained in the superheated vapor.
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For the expérimental boiling potassium data, the heat flux in
the superheat region was estimated by an energy balance, for which
it was assumed that the vapor was dry and saturated at the beginning
of the region. The energy balance was based on the measired change
in temperature of the fluid from the saturated value at the beginning
of the superheat region to the measured temperature at the boiler exit.
If there were droplets of liquid actually present in the vapor at the
beginning of the superheat region, subsequent evaporation of them prior
to reaching the exit thermocouple could cause an additional error
in the heat balance used for the superheat region. 1In general, this
particular heat balance error would result in indicated values of the ex-
perimental superheat coefficients which are lower than the actual values.
This possible error would add to the measurement error which
might have been caused by droplets impinging on the exit thermocouple

probe.

The factors discussed above and the limited potassium experimental data
both indicate that there is a great deal of uncertainty in the prediction of
potassium superheated vapor heat transfer coefficients by means of Equation (7).
Two data points deviate from the prediction by more than 100%, and deviations of
75% seem probable. Further analysis of superheated vapor heat transfer and
several additional heat transfer coefficient data for superheated potassium

vapor at high temperatures are given by Bond in Reference 60,

Nucleate Boiling Heat Transfer Coe@ficients

As discussed previously, nucleate boiling heat transfer coefficients
cannot be calculated with accuracy from data obtained in the two-fluid boiling
tests, since the large heat transfer coefficients characteristic of nucleate
boiling represent a small fraction of the overall thermal resistance of a two-fluid
boiler. A controlled heat flux facility is more appropriate for the determination
of these large coefficients, since there is no primary fluid thermal resistance

to be accounted for under controlled heat flux conditions. Typical forced
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convection potassium nucleate boiling data obtained by Bond (Reference 60)

are presented in Figure 30 to show the magnitude of the nucleate boiling

‘heat transfer coefficient. The values plotted were obtained in a controlled

heat. flux facility at a saturation temperature of 1990°F in a 0.77-inch ID
boiler tube containing no insert. It can be seen from the Figure that the
local nucleate boiling heat transfer coefficient is generally above

10,000 Btu/(hr—ftz-oF) and increases with increasing heat flux. There is

very little effect of quality upon the heat transfer coefficient for the

data shown. A large amount of local potassium nucleate boiling heat transfer
coefficient data, including data taken with inserts, is given in Reference 60.
In general, these data also indicate that at the relative high heat fluxes
anticipated in the nucleate boiling region of once~-through boiling the nucleate

2 o0
boiling heat transfer coefficient is in the order of 10,000 Btu/hr-ft - F or

higher.

Boiling Potassium Pressure Losses

The boiling pressure losses occurring during the tests were determined,
after correction for liquid head, from two absolute Taylor slack-diaphragm
transducers positioned at the ends of the boiler tube. The frictional
component of the boiling pressure loss was calculated by subtraction of the
momentum pressure loss, and the two-phase frictional pressure drop multiplier
was computed as the ratio of the frictional component to the all-liquid pressure
drop as described in Appendix A. Using the square root of the liguid to vapor
density ratio as the slip ratio, the momentum component was generally about 20%

of the total two-phase pressure loss.

The friction factors required for the computation of the liquid potassium
pressure drop necessary in the formulation of the two-phase miltipliers were
obtained by water pressure drop tests performed on the boiler tubes with their
inserts. The results of the water tests are shown in Figure 31. Typical
experimental two-phase potassium pressure drop multipliers are presented in

Figure 32 for two different test conditions, and are tabulated along with all
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of the experimental results in Appendix B. The experimental values are
compared to the "Martinelli"” and "homogeneous’ model predictions obtained
for potassium by Converse (Reference 8). The theoretical curves used

for comparison to the experimental data are shown in Figures 33 and 34.

The theoretical curves were obtained by integration of the local pressure
loss multipliers (Figures 2 and 3) with respect to quality, assuming linear

variation of quality with length.

The agreement between theory and experiment shown in Figure 32 is typical.
The experimental values generally fall between the predictions of the two
models and usually show better agreement with the Martinelli prediction.
Figure 35 compares all the experimental two-phase potassium frictional
pressure drop multipliers obtained with the values predicted by the Martinelli
model. The Martinelli model predicts the experimental values within a

probable error of 28%.

‘The above results indicate that the Martinelli technique can be employed
to calculate the pressure losses during the forced convection boiling of
potassium in tubes containing helical inserts, providing that the corresponding
all-liquid pressure losses are known. The single phase friction factors of
Figure 31, together with similar data from Reference 33, were analyzed and
correlated to provide a means for the prediction of single phase pressure
losses in geometries other than those tested. This effort is described in
Appendix D and resulted in the following equations for the calculation of

single phase pressure drop in tubes containing helical inserts,

2
Iy G
AP, =f — €))
£ e De 2gc 2%

0.316 (10)
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The boiling pressure drop data obtained at constant power with the
0.67-inch ID boiler tube are plotted in Figure 36 as pressure drop versus
mass velocity. Data for two different boiling temperatures, two insert

geometries and several power levels are shown.

Under the test plan employed for the data of Figure 36, both the total
power and the potassium exit temperature were held approximately constant
while the potassium flow rate was varied. For all of the data points for
which the exit quality was less than 100%, this corresponded to holding
the boiler exit pressure constant also, due to the relationship between
fluid pressure and temperature at saturation. However, for the four data
points taken with the insert with superheated vapor conditions at the boiler
exit, the pressure was lower (exit temperature constant). Lowering the
pressure for the superheated vapor data points, as was required to maintain
fixed exit temperature, reduced the effective density of the fluid in the
boiler. This reduction in density, in turn, caused some of the increase in
measured pressure loss with reduced mass velocity shown for the superheated

vapor data points.

Before the "Martinelli'" and "homogeneous” potassium pressure loss

predictions of Reference 8 became available, early adiabatic two-phase potassium
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pressure loss data obtained in the test facility were correlated by an
alternate technique (Reference 4). This alternate technique assumed the
two-phase pressure loss to be proportional to the pressure loss calculated
for the vapor fraction of the flow alone, and yielded the following

correlating equations.

AP
TPF
5 = 3.0 (13)
g
where 9
f L/D ,0g v
AP = L (14)
g 2gc
xG
vV o= = 15
. /E (15)

Equations (13-15) are not employed in this report for correlation or
prediction of the experimental pressure loss data as they have several
disadvantages with respect to the more general "Martinelli” and "Homogeneous"

predictions as follows:

(1) Equation (13) is empirically derived from experimental data, whereas
both the "Martinelli” and "Homogeneous" techniques quantitatively predict
two-phase potassium pressure loss without recourse to experimental potassium

data.

(2) Equations (13-15) predict the pressure loss to be three times the
vapor pressure loss at 100% quality, where the flow is all vapor. This is
incorrect. Both the "Martinelli" and the "Homogeneous" techniques predict

the proper pressure loss at 100% quality.

(3) Eouations (13-15) predict the pressure loss to be zero when the quality

is zero. This is also incorrect as the pressure loss at zero quality is in
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actuality the pressure loss for all liquid flow. Both the "Martinelli”
and "Homogeneous' techniques predict the proper pressure loss at zero

quality.

The two-phase pressure loss correlation technique described by equations
(13-15) is attractive because of its simplicity and it does correlate
experimental adiabatic two~phase potassium pressure loss data fairly well
at intermediate qualities (Reference 4). Because of the deficiencies cited
above, however, the technique is not recommended. The more general
"Martinelli" and ""Homogeneous' techniques are preferable. As discussed
earlier in this section of the report the "Martinelli” prediction yields

the best agreement with the experimental boiling potassium data.

The boiling pressure loss results presented in Figures 32, 35 and 36
were measured using the Taylor pressure gages located at the boiler inlet
and exit. For data runs in which helical inserts were employed, the local
potassium temperature profile, including the potassium temperatures at the
initiation of boiling and at the potassium exit, was directly measured by
thermocouples positioned inside the insert centerbody. These data were also
employed to compute the bolling pressure losses by assuming that the local
static pressure is the saturation pressure corresponding to the local
temperature measured with the insert thermocouples. Figure 37 shows a com-
parison for all the insert data of the pressure drop determined from the
thermocouples (APT) against the pressure drop determined from the Taylor
pressure gages (APG). The comparison is quite good, the average arithmetic
deviation being only 0.06 psi and the average absolute deviation being 0.8 psi,
which is within the estimated error range of the pressure gages themselves.
Within the accuracy of the pressure gages, this agreement indicates that the
local temperatures measured in the two-phase potassium stream are very nearly,
if not exactly, the same as the saturation temperatures corresponding to the

local static pressure.
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VI DISCUSSION OF EXPERIMENTAL RESULTS

The probable error of the experimental boiling potassium frictional
pressure loss data with respect to the modified Martinelli model prediction
given by Figure 33 is 28%. This indicates that the Martinelli model modified
for potassium, as given by Figure 33, when used in conjunction with the single
phase liquid pressure drop correlation developed in Appendix D, provides a
means for estimating the pressure losses occurring during the forced convection
boiling of potassium in tubes containing helical inserts with reasonable

accuracy.

The trend of decreasing critical heat flux with increasing vapor quality
exhibited by the experimental forced-convection potassium critical heat flux
results (Figures 25, 26) agrees with a similar trend shown by high pressure
forced convection water data (Reference 25). References 25 and 52 indicate that
there is dependence of critical heat flux upon mass velocity for water. The
potassium data (Figure 25a) do not evidence a dependence of the critical heat
flux upon mass velocity when plotted versus quality. The potassium pool boiling
data obtained by Colver (Reference 22) show an increase in the critical heat
flux with increasing temperature level, a value of 300,000 Btu/hr—ftz being
predicted by his correlating line at 800°F and a value of 800,000 Btu/(hr—ftz)
being predicted at 1850°F. This temperature effect also is not observed in the
forced convection potassium data (Figure 25b). It is possible that there are
'mass velocity and temperature effects upon the critical heat flux for the
forced convection flow of potassium in tubes, but such effects, if present, are
indicated to be less than the scatter of the data obtained in a plot of critical

heat flux versus quality.

No theoretical expressions or correlations were found in the literature
to which the potassium transition boiling data could be compared. The correlation
employed, however, is based upon the potassium droplet experiments of

Geoscience (Reference 31), and agrees qualitatively with the droplet
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exberimental_results. In addition, the correlation obtained (Figure 28)
predicts the experimental potassium data from the two-fluid facility within
a probable error of 20%, which is considered rather good. The form of the
correlation obtained predicts that the transition boiling heat transfer
coefficient increases without limit as the tube wall—to-potassiﬁm temperature
difference (AT) decreases. The transition boiling heat transfer coefficient,
however, cannot exceed the nucleate boiling heat transfer coefficient. For
this reason, the transition boiling heat transfer coefficient correlation
should only be applied at AT's larger than 58°F, which is the smallest AT

value obtained experimentally.

The agreement of the controlled heat flux, high temperature (to 2100°F)
critical Heat flux and transition boiling data of Bond (Reference 60) with the
lower temperature controlled temperature data from the two-fluid facility is
encouraging. The agreement results in an approximate temperature range of

applicability of 1550°F to 2100°F for the correlations presented.

The few superheated vapor heat transfer coefficient data obtained from
the two-fluid boiling experiments do not agree well with the values predicted
with Equation (7). The deviations of the experimental data from the prediction
(Figure 29), however, appear to have a trend. Figure 29 shows that the
experimental coefficients increase in relation to the predicted values as the
degree of vapor superheat increases and as the fluid residence time in the
superheat region increases, suggeéting an effect due to entrained liquid dropleté.
There are other factors which also might be significant, however, such as heat
transfer by thermal radiation, deficiencies in the prediction of Equation (7)
with respect to the effect of helical inserts, uncertainties in potassium vapor
transport properties, and errors in the local heat balance required to determine
the heat flux in the superheat region for the experimental data. Further analysis
of superheated vapor heat transfer and several additional superheated potassium

vapor heat transfer coefficient data at high temperatures are given in Reference 60.
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Certain of the characteristics exhibited by the average boiling heat

transfer coefficients presented can be explained in terms of the local results.

‘ The local nucleate boiling data shown in Figure 30 increase with increasing

heat flux, but are virtually unaffected by the vapor quality over the rather
large range shown. The increase in the average heat transfer coefficients with
both mass velocity and exit quality (Figures 16, 17) is therefore indicated to

be primarily a heat flux effect since, in the two-fluid facility, heat flux
increases in proportion to mass velocity at constant quality and in proportion

to exit quality at constant mass velocity. This result suggests that there may
be bubble nucleation for potassium in forced convection bulk boiling. A boiling
mechanism based upon conduction through the thin liquid film in contact with

the boiler tube wall with evaporation from the film surface predicts the heat
transfer coefficient to be markedly influenced by quality and to decrease with
increasing temperature level (Reference 6). 1In contrast, the measured average
heat transfer coefficients increase with increasing temperature level (Figures 17
and 18) and the measured local nucleate boiling coefficients are virtually
independent of quality (Figure 30). Furthermore, the potassium pool boiling data
of Bonilla (Reference 1), for which bubble nucleation is presumed to occur, show
an increase in heat transfer coefficient with both heat flux and temperature
level., The local nucleate boiling data of Reference 60 and the low vapor quality
average heat transfer coefficients from the two-fluid facility both suggest that

bubble nucleation may be significant in the nucleate boiling region,

The quality beyond which the average heat transfer coefficients decrease
with further increase in quality is associated with the critical heat flux and
onset of tramsition boiling., As the boiler exit quality is increased beyond the
quality at which the critical heat flux occurs, the fraction of the tube length
occupied by the low performance transition boiling region increases, which causes

the average heat transfer coefficient to decrease.

Figure 16 shows that the quality corresponding to themaximum average heat
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transfer coefficient increases as the mass velocity decreases. This is
because at the lower mass velocities the tube power and, consequently, the
heat flux are less, which results in higher vapor qualities being attained

before orset of the critical heat flux condition (Figure 26).

For similar reasons, the maximum average heat transfer coefficient in
cocurrent flow occurs at a higher quality than in countercurrent flow (Figure 19).
Under countercurrent flow conditions, the local sodium-to-potassium temperature
difference increases in the direction of potassium flow due to the drop in
potassium temperature caused by two-phase pressure loss and due to the increase
in local sodium temperature. Under cocurrent flow conditions, the sodium
temperature decreases in the direction of potassium flow. The local heat flux,
which is proportional to the local temperature difference, is therefore higher
at the potassium exit under countercurrent conditions than under cocurrent
conditions, which results in a lower quality at onset of critical heat flux
conditions for countercurrent flow than for cocurrent flow. This result
indicates that operation with cocurrent sodium flow can be advantageous for
boilers exiting with less than 100% quality. For boilers with superheated vapor
at the exit, however, the increased temperature difference obtainable with
counterflow in the low performance vapor superheat region can counterbalance
the advantage of cocurrent flow in the boiling region. Thus, the proper flow
direction for a particular boiler must be determined for the specific operating

conditions required.

The trend of decreasing average heat transfer coefficient with decreasing
insert twist ratio exhibited by the data obtained with helical inserts in the
intermediate and low quality region is not fully understood. The local results
obtained show both the critical heat flux and the transition boiling heat transfer
coefficient to be increased by inserts, and thus the decrease in the average
boiling heat transfer coefficient at low qualities by the inserts must be due

to an effect in the nucleate boiling region. This deduction is consistent with
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the experiments of Merte and Clark (Reference 53) and Costello and Adams
(Reference 44), who studied the effects of acceleration upon the pool boiling

of water, and found a decrease in the nucleate boiling heat transfer coefficient
with increasing acceleration for heat flux levels above approximately

50,000 Btu/(hr—ftz). The local forced convection nucleate boiling heat transfer
coefficients taken at higher temperatures with and without inserts by Bond
(Reference 60) show this same trend ofdecreased nucleate boiling coefficient

with smaller insert twist ratios.
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VII APPLICATION TO BOILER DESIGN

In addition to demonstrating the feasibility of high performance once-
through boiling of potassium with inserts, other main objectives of this
investigation were to provide data and correlations for analysis and design
of power boilers and to identify problem areas requiring further development.
In this section procedures for application of the overall, average and local
results to boiler design are discussed and an example thermal design for a
large-scale once-through potassium boiler is given, based upon the local
results obtained. The effect upon the tube length in this example design

of assumed uncertainties in the various local design parameters is assessed.

The overall boiling data from the tests ficility can be used for large
scale boiler designs by direct scale-up if the specified design conditions
closely approximate the test conditions. For example, a 10,000 KW-thermal
power boiler operating at the conditions of the test run with P/D = 2 helical
insert shown in Figure 15 would require about 130 0.92-inch ID tubes of 90-inch
length (79 KW per tube were obtained in the test run), and would have a shell
diameter of less than 20-inches. The boiler would produce potassium at 1700°F
with 100°F superheat from liquid potassium entering the boiler at 1350°F.

The heating fluid would enter the boiler at 1840°F, flow countercurrent to the

potassium and would have a temperature drop of 36°F.

The application of the average and local results for the thermal design
of a specific boiler is considerably more complex than the use of the overall
results. The specific calculational procedures utilized for a particular design
depend upon which design parameters are fixed; for example, whether the boiler
size for a spécified performance is to be determined or whether the performance
of a particular boiler is to be predicted. In general, however, the calculations
in the boiling and superheated vapor regions involve a simultaneous iterative
solution of the interdependent pressure loss, energy and heat transfer equations

for the several coupled heat transfer regions. Boiler thermal design procedures
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based upon the average heat transfer and pressure loss data as well as local

heat transfer and pressure loss parameters are presented in Appendix E.

In the design procedure based upon averagé potassium heat transfer
coefficients, the O to 100% vapor quality region of the boiler is treated as
one increment, which results in relatively simple calculational procedures.
The average design procedure, however, cannot be employed with confidence for
general parametric studies or for thermal designs beyond the range of the test
data, since the heat traﬂsfer coefficients emproyed are averaged over both the
nucleate and transition boiling regions, which are affected differently by the
various test parameters. The average design procedure is useful for designs
within the range of test data and for juickly obtaining approximate designs

for preliminary studies.

The thermal design procedure based upon local parameters is more general
and exact, but also more complex, since each heat transfer region is solved
individually on an incremental basis, employing the correlations appropriate
to each region. The local design procedure is recommended for general
parametric design studies and for calculation of thermal design points which
are beyond the range of temperatures, tube diameters and heat flux levels of

the test data.

Example Space Power Boiler Design

In order to illustrate the boiler thermal design procedure and to provide
a reference point for determination of the significance of the various design
parameters, an example space power boiler thermal design was prepared, employing
the local design procedure described in Appendix E, The thermal design is for a
8300 KW thermal power boiler which would produce potassium vapor with 150°F
superheat at 2150°F from potassium liquid at 1200°F. Lithium is employed as the
primary fluid, entering the boiler at 2200°F and exiting at 2050°F in counterflow
to the potassium. A summary of the results of this thermal design analysis is

given in Table III. The calculated active tube length for the specified
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conditions is 68 inches, and the shell diameter for the 254 0,.69-inch ID tubes
required is approximately 18 inches. Allowing additional length for the tube
headers and inlet and exit plenums, the overall length of the boiler is
approximately 90 inches, resulting in an overall length-to-shell diameter

ratio of five.

To show directly the beneficial effects of the helical inserts employed
in the boiler tubes, a second thermal design was prepared for a boiler-having
identical thermal specifications, number of tubes and tube diameter, but not
utilizing helical inserts. Table IV is a comparison of the results calculated
for the two cases. A calculated tube length of 256 inches is required without
inserts compared to the 68-inch length calculated for the design employing

helical inserts.

The saving in required tube length obtained with inserts is a function of
insert twist ratio. The heat transfer performance is improved as the insert
twist ratio becomes tighter, but the pressure loss and corresponding potassium
saturation temperature drop become greater. Therefore, for fixed potassium
exit pressure the available lithium to potassium temperature difference
decreases in the low quality region of the boiler as the insert twist ratio
is reduced, requiring a corresponding increase in tube length to transfer a
specified amount of heat. The insert twist ratio for specified design
conditions will therefore have an optimum value, which can be determined by
performing the thermal design calculations for several twist ratios. In
Figure 38 are plotted the two design points calculated, along with the
estimated twist ratio at which the pressure drop is sufficient to cause the
potassium and lithium temperatures to approach each other. An estimated curve
giving the required tube length as a function of insert twist ratio, which
approximates that which would be obtained by further design calculations for
several twist ratios is also shown. The insert twist ratio of 1.0 utilized
in the example design is seen to be close to the estimated optimum value for

the boiler studied.
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TABLE IIX

EXAMPLE THERMAL DESIGN

8300 KW POWER BOILER

Tube Material

Tube O.D.

Tube Wall Thickness

Number of Tubes

Tube Length

Tube Spacing (Center to Center)
Shell Internal Diameter
Helical Insert P/D

Equivalent Tube Wall Heat
Transfer Coefficient

Lithium
Inlet Temperature
Exit Temperature
Mass Flow Rate
Mass Velocity
Approximate Pressure Drop

Heat Transfer Coefficient

Potassium
Inlet Temperature
Exit Temperature
Exit Pressure
Exit Vapor Superheat .
Mass Velocity
Boiling Pressure Loss
Length of Subcooled Region
Length of Nucleate Boiling Region
Length of Transition Boiling Region
Length of Vapor Superheat Region

Average Heat Flux
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Cb-1%Zr
0.75-inch
0.030-inch
254
68-inches
0.975-inch
18-inches

1.0

13,900 Btu/(hr—ft2—°F)

‘2200°F

2050°F

53.6 1b/sec

79.5 1b/(ft2-sec)

5 psi

9860 Btu/(hr-ft2—°F)

1200°F

2150°F

152,.3 psia

150°F

14.2 1b/(ft2-sec)
10.0 psi
3.5-inches
12,4-inches
13.9~inches
37.8-inches
110,000 Btu/(hr-ftz)

i



TABLE IV

COMPARISON OF DESIGNS WITH AND WITHOUT INSERTS

RESULTS
Total Tube Length
Length of Subcooled Region
Length of Nucleate Boiling Region
Length of Transition Boiling Region
Length of Superheat Region
Boiling Pressure Loss

Average Heat Flux

8300 KW POWER BOILER

VALUE WITH INSERT

68 inches

3.5 inches

12.4 iaches

13.9 inches

37.8 inches

10.0 psi

110,000 Btu/(hr-ftz)

VALUE WITHOUT INSERT

256 inches

3.1 inches

6.6 inches

130.7 inches

115.7 inches

0.6 psi

30,000 Btu/(hr-£t2)

T
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The tube diameter and number of tubes used in the example design were
selected so as to result in overall boiler dimensions judged reasonable in
relation to a compact space power system. In general, tubes of larger
diameter would result in a longer boiler of smaller shell diameter with less
tubes, whereas tubes of smaller diameter would result in a shorter boiler of
greater shell diameter with more tubes. In a more detailed design analysis
directed towards a minimum weight boiler, mechanical design aspects, fabrication
difficulties and reliability assurance as well as overall boiler weight and
shape considerations would influence the choice of tube diameter. It is not
certain that smaller tubes than those selected would yield a performance or
weight advantage. The correlations of the superheated vapor and transition
boiling heat transfer coefficients employed in the design calculations predict
higher coefficients for smaller tube diameters, but the potassium pressure
drop is also predicted to increase with decreasing tube diameter. Increased
values of these coefficients can also be obtained at the expense of increased
pressure drop in large diameter tubes by the use of tighter insert twist ratios.
A complete optimization of tube diameter is complex, and requires a more

extensive design study than employed for the reference design presented herein.

The lithium and potassium inlet and outlet temperatures and the potassium
vapor superheat employed in the example design were selected as being repre-
sentative of values anticipated to be typical for large space power systems.
Design of such systems should include a study of the effect of these amd other
variables upon component size and weight. 1In illustration of this, the effects
of two of these variables upon the tube length required for the example boiler

design were calculated.

Calculated boiler tube lengths as a function of lithium temperature change
for fixed lithium inlet temperature and fixed potassium exit temperature and
pressure are shown in Figure 39. The boiler tube length (and thus the boiler
weight) necessary to satisfy the specified conditions is seen to increase as

the lithium temperature change is increased. 1In an actual system, however,

-96-



S|

the lithium pressure drop in both the boiler and the reactor would decrease

as the lithium temperature change is increased, due to the corresponding
reduction in lithium flow rate. There is, therefore, an optimum value of
the lithium temperature change, which results in a minimum system weight

with respect to this variable.

Figure 40 shows the effect of exit potassium vapor superheat upon the
boiler tube length required for the example design, computed for fixed potassium
pressure at the boiler exit and fixed lithium inlet and outlet temperatures.
Large values of vapor superheat are advantageous to the turbine of a space
power system, in terms of increased output and minimization of blade erosion
caused iby liquid droplets. An optimum potassium superheat is also indicated
for the system, since payment for vapor superheat is made in terms of increased
boiler tube length and weight, as indicated by Figure 40. As shown in the
Figure, the tube length required in the boiler increases very rapidly as the
superheat approaches 200°F, at which point the potassium and lithium temperatures

become equal.

Magnitude and Significance of Uncertainties in the Thermal Design Parameters

Uncertainties in the various heat transfer and pressure loss data and
correlations employed in the calculations for the example boiler thermal
design affect the design to different degrees. The change in calculated boiler
tube length rgsulting from a given uncertainty in the nucleate boiling heat
transfer coefficient, for example, is different from the effect of a similar
uncertainty in the critical heat flux. Knowledge of the significance of the
various design parameters is desirable, since such knowledge allows the
important design parameters to be identified and emphasized in any future

experimental or analytical work.

The uncertainties in calculated tube length resulting from the corresponding

uncertainties in each of the major design variables were determined as follows:
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The partial derivative of tube length (L) with respect to a particular
design variable (V’), for fixed values of the other variables, was calculated
from the design equations. This partial derivative, when multiplied by qbq”

is called the "design sensitivity", as illustrated by the following equation:

Design Sensitivity = oL E{ (16)
'a'qj L

Design sensitivity values at the conditions of the example boiler design
were calculated by numerical differentiation of the design equations (Appendix E),
and are listed in Table V for the major design variables. As can be seen from
the defining equation, the design sensitivity is the ratio of fractional change

in tube length to the corresponding fractional change in the design variable.

The design sensitivity values are valid only for the example design
presented, as they are dependent upon the boiler performance specifications.
For example, the design significance of the superheated vapor coefficient would
be zero for a boiler producing potassium vapor with no superheat, since the
superheated vapor heat transfer coefficient would not affect the thermal design.
The design significance of the transition boiling heat transfer coefficient
would be larger for such a boiler than obtained for the example design, since
the transition region would be a greater portion of the total tube length in a

boiler producing no superheat.

Also presented in Table V are the probable errors which have been estimated
for each design variable. These errors are discussed in the following paragraphs.
The probable errors in tube length corresponding to these probable errors in the
individual design variables are similarly listed in Table V. Each probable error
in tube length is the product of the corresponding design sensitivity and probable

error in the design variable,

Lithium Heat Transfer Coefficient

The prediction of Dwyer and Tu (Reference 54) for the parallel flow of
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TABLE V

EFFECT OF UNCERTAINTIES IN THE DESIGN VARIABLES

UPON THE EXAMPLE POWER BOILER TUBE LENGTH

Design

Parameter

Lithium Heat Transfer Coefficient
Potassium Boiling Pressure Loss

Potassium Liquid Heat Transfer Coefficient
Nucleate Boiling Heat Transfer Coefficient
Critical Heat Flux Correlation

Transition Boiling Heat Transfer
Coefficient Correlation

Superheated Vapor Heat Transfer Coefficient

* Equation (16)

Design

Sensitivity*

0.11
0.46
0.06
0.14
0.30
0.32

0.85

Probable Error of
Design Parameter

35%
35%
100%
50%
26%
30%

. 75%

TN

Probable Error in
Tibe Length
4%
16%
6%
7%
8%
10%

64%



liquid metals in tube bundles was employed to estimate the lithium heat
transfer coefficient for the example design. Data obtained from multiple tube
test boilers for mercury (Reference 55) are approximately 20% lower than the
prediction, and similar data for sodium flowing parallel to tube banks
(Reference 56) are about 25% lower than the predicted values at the Peclet
number employed in the example design.' Allowing additional uncertainty due

to unknown effects of tube spacers shell-side baffles likely to be employed

in an actual boiler, the probable error in the lithium heat transfer coefficient
employed in the example design is estimated to be 35%. As can be seen from
Table V, this error in the lithium heat transfer coefficient has little effect

upon the tube length calculated for the example design.

Subcooled Potassium Heat Transfer Coefficient

No theoretical or empirical expressions are available for the prediction
of liquid potassium heat transfer coefficients for tubes containing helical
inserts. The prediction of Rohsenow (Reference 57), which is applicable to tubes
without inserts, was employed to calculate the liquid potassium heat transfer
coefficient for the example design. Due to the undetermined effect of the
insert in the subcooled region, the error in the predicted liquid heat transfer
coefficient is estimated to be 100%. Table V shows that this large error has

very 1ittle effect upon the example design.

Boiling Potassium Pressure Loss

The modified Martinelli model, given by Figure 33, was employed to predict
the frictional component of the boiling pressure loss for the example boiler
design and a slip ratio equal to the square root of the liquid-to-vapor density
ratio was used to predict the momentum component of the boiling pressure loss.
These same procedures resulted in a correlation of the experimental boiling
potassium pressure losses with a probable error of 28%. The error in the
pressure drop calculated for the example design is expected to be larger than
that obtained for the experimental since the boiling temperature employed in

the example design is higher than the range of boiling temperatures tested, and
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since the twist ratio employed also is outside the range tested. Taking
these factors into account, the probable error in the calculated preséure

loss for the example design is estimated to be 35%.

Nucleate Boiling Heat Transfer Coefficient

A value of 10,000 Btu/(hr—ft2—°F) was assumed for the nucleate boiling
heat transfer coefficient in the example boiler design. The local nucleate
boiling data of Figure 30 for a 0.77-inch ID tube without insert were obtained
at a mass velocity of 16 lb/(ftz—sec) and a boiling temperature of 1990°F
(Reference 60), which are very close to the mass velocity of 14.2 lb/(ftz—sec)
and boiling temperature of approximately 2015°F employed in the example design.
Figure 30 shows the nucleate boiling heat transfer coefficient to be about
20,000 Btu/(hr—ft2—°F) at a heat flux of 80,000 Btu/(hr—ftz) and to increase
with increasing heat flux. The nucleate boiling heat transfer coefficient
employed in the example design, therefore, is indicated to be conservative,
since the average heat flux in the nucleate boiling region of the example
design is 330,000 Btu/(hr-ftz). The data of Figure 30, however, are for a
plain tube without insert. The average heat transfer coefficient data of
Figures 21 and 22 indicate that there is a decrease in heat transfer coefficient
with inserts as the insert twist ratio is decreased. For this reason, the
apparently conservative value of 10,000 Btu/(hr-ft2—°F) was assumed for the
nucleate boiling heat transfer coefficient, since a tight twist ratio insert is
employed in the example design. The probable error of the value assumed is

estimated to be 50%.

Critical Heat Flux

The correlation derived in this report (Equation 4) was employed to
estimate the critical heat flux for the example boiler design. The probable
error of the experimental data with respect to the correlating equation is 26%.
The potassium critical heat flux data upon which the correlation is based include
values obtained in a controlled heat flux facility at potassium temperatures up to

2100°F (Reference 60) as well as the values from the two fluid boiling experiments.
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Since the potassium temperature in the example design (2000°F) is in the
range of experimental data, the probable error in the critical heat flux

predicted for the example design is assumed also to be 26%.

Transition Boiling Heat Transfer Coeff;c}ent

The correlation developed in this report (Equation 6) was employed to
estimate the transition boiling heat transfer coefficient for the example
boiler design. The probable error of the experimental transition boiling
data with respect to the correlating equation is 20%. The experimental
transition boiling heat transfer coefficients have additional systematic
error die to uncertainties in the equivalent sodium and boiler tube wall
heat transfer coefficients required in the data reduction procedure. Further-
more, the experimental data emplayed to derive the correlation were obtained
at potassium temperatures lower than that for the example design, which also
introduces additional error into the predicted transition boiling heat transfer
coefficient. Taking these factors into account, the probable error in the
transition boiling heat transfer coefficient employed in the example design

is estimated to be 30%.

Superheated Vapor Heat Transfer Coefficient

The superheated vapor heat transfer coefficient employed for the example
boiler design was calculated from Equation (7) of this report, which is a
correlation of the water heat transfer data of Greene (Reference 33) for a tube
containing helical inserts. The few potassium superheated vapor heat transfer
coefficient data obtained from the two-fluid boiling experiments, however,
deviate considerably from the prediction of Equation (7). As discussed pre-
viously, the experimentél data suggest that effects not included in the
correlation, such as thermal radiation and entrained liquid droplets, may be
significant. Considering these undetermined uncertainties and the large
deviations of the experimental data from the calculated values (Figure 29),
the probable error in the superheated vapor heat transfer coefficient employed

in the example design is estimated to be 75%.
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Combination of Errors

If the uncertainties in boiler tuﬁe length for the example design due
to the various design parameters are assumed independent, the combined
probable -error in tube length caused by the variables can be determined
according to the methods of Beers (Reference 46). Beers recommends that
independent errors be combined as the square root of the sum of the squares
of the individual errors. The combined probable error in the tube length for
the example design calculated in this manner is 68%. Most of this rather large
uncertainty in the example design is due to the uncertainty in the superheated
vapor heat transfer coefficient. If the error in the superheated vapor heat
transfer coefficient were assumed zero, for example, the probable error
calculated for the reference design is only 23%. This latter value should not be
equated to the probable error of a boiler producing no superheat, since the
effects of errors in the other design variables are dependent upon the specified
boiler operating conditions. It does illustrate, however, the reduction in
uncertainty in the example design which would be expected if the superheated

vapor heat transfer coefficient were known more accurately.

These results show that the effects upon boiler design of uncertainties
in design parameters, other than the superheated vapor heat transfer coefficient,
are relatively minor. Sufficient potassium forced convection boiling data have
been obtained, therefore, to permit the thermal design of large scale once-
through potassium boilers to proceed on a reasonable technical basis, provided
that the specified exit vapor superheat is small (on the order of 50°F).
Further experimental and analytical effort is indicated, however, before boilers

producing larger exit superheat can be designed with equal confidence.
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VIII CONCLUDING REMARKS

A considerable body of experimental and analytical information on forced
convection boiling of potassium in a two-fluid boiler has resulted from this
investigation. Both average and local boiling potassium heat transfer
coefficients have been determined and correlations of the critical heat flux
and transition boiling heat transfer coefficient have been obtained, The
pressure losses occurring during the forced convection boiling of potassium
have also been measured and correlated. The general conclusions derived from

these results are listed following:

1. The feasibility of high performance once-through potassium boiling
for space power application has been shown. Potassium exit conditions of
ap to 200°F vapor superheat have been obtained at average heat fluxes in
excess of 125,000 Btu/hr—f't2 (37 KW/ftz) in single-tube two~fluid boiling
itests using vortex generator helical inserts. Heat fluxes up to 200,000 Btu/hr-ft2

2
(59 KW/ft~) were obtained for saturated vapor potassium exit conditions.

2. The boiling heat transfer and pressure loss data and correlations
obtained provide a reasonable basis for the thermal design of two-fluid
>nce-through potassium boilers in either cocurrent or countercurrent flow.

Tn illustration of this, design procedures based upon the experimental results
and an example thermal design for a large multiple tube boiler producing
sotassium vapor at 2150°F with 150°F of superheat have been prepared. This
roiler design employing helical inserts has an average heat flux of

110,000 Btu/hr-ft2 (32 Kw—ftz), which is almost four times the heat flux
ralculated for a similar boiler that does not employ inserts (Table 1V). The
>xample design analysis indicates that large two-fluid potassium boilers become
larger and more massive as the potassium exit superheat increases and as the

iemperature change in the primary fluid increases (Figures 39, 40).
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3. Analysis of the example boiler design shows the superheated vapor.
heat transfer coefficient to be a major source of uncertainty in the design
of large potassium boilers (Table V). The uncertainty caused by the vapor
coefficient is larger than that caused by all the other design variables for
boilers producing substantial superheat (150°F), due to the paucity of data

available for superheated potassium vapor heat transfer.

In addition to the general conclusions cited above, the following more
specific trends are shown by the experimental data or predicted by correlations

derived from the data.

The radial acceleration developed by the helical inserts employed in the
experiments was found to be a significant parameter affecting boiling potassium

heat transfer. In particular:

(a) The critical heat flux was found to increase approximately in

proportion to the 1/4 power of the acceleration (Figure 253).

(b) The local transition boiling heat transfer coefficient was found
to increase approximately in proportion to the 1/5 power of the

acceleration (Figure 28).

(¢) The potassium nucleate boiling heat transfer coefficient was found
to be lower for tubes containing helical inserts than in tubes without

inserts (Figure 22).

Besides the effects of acceleration, the following trends were observed

in the critical heat flux and in the transition boiling heat transfer coefficients

(a) The critical heat flux decreased with increasing local vapor quality

(Figure 26).

(b) When the critical heat flux data were plotted versus exit quality, no
effects of mass velocity or temperature were evident within the range of

experimental data.
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(c) The local transition boiling heat transfer coefficient was found
to be proportianal to the single-phase vapor heat transfer coefficient

(Figure 28).

(d) The local transition boiling heat transfer coefficient was found
to be strongly dependent upon the difference between tube wall and
potassium temperature, increasing with decreasing temperature difference

squared (Figure 28).

(e) The local transition boiling heat transfer coefficient was found

to increase with decreasing vapor quality (Figure 28).

In addition to the effects listed regarding the potassium heat transfer

results, the following trends were observed in the boiling potassium pressure

loss results:

(a) The boiling pressure loss was found to be proportional to the single~

phase liquid pressure loss in tubes containing helical inserts (Figure 32).

(b) The two-phase pressure drop multiplier (ratio of two-phase to single-
phase pressure loss) was found to increase with increasing quality

(Figure 32).

(¢c) The two-phase pressure drop multiplier was found to Increase with

decreasing saturation temperature (Figure 32).
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APPENDIX A

Instrument Calibrations and Calculational Procedures

The potassium thermodynamic properties employed in'thé_reduction and
analysis of the experimental data were obtained from Reference 41. The
potassium vapor and liquid transport properties and the sodium thermodynamic
properties employed were taken from Reference 49. The symbols utilized in

the equations presented are defined in the Nomenclature.

Instrument Calibrations

Electromagnetic Flowmeters: The relationship between output signal aad

liquid metal flow rate for the permanent magnet flowmeters used in each loop
of the facility was obtained by theoretical calculation, using the methods of
Reference 58. Measured values of the field strengths of the magnets, which
were maintained at low temperatures, were used in the calculations. The
effects of changes in liquid metal and duct resistivities with temperature
level were corrected for in the data reduction procedure by use of the

temperatures measured by thermocouples located on the flowmeter ducts.

An indication of the resulting accuracy in the measured flows was obtained
through intercalibration between the sodium and potassium loop flowmeters by
heat balance around the test section, using liquid-liquid runs. The dis~-
agreement obtained was 2%, which is assumed to be also representative of the

probable error in the individual flow measurements.

Taylor Pressure Gages: Two Taylor slack-diaphragm absolute pressure gages

were employed to determine the boiling pressure losses in the test section.
These gages were calibrated before and after the experiments with each test
section by inert gas pressurization of the secondary loop. The calibration of

the Taylor gages was found in shake-down operation to be dependent upon the
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diaphragm temperature, thus the transducers were maintained at comnstant
temperature by the use of auxiliary heating wire. The pressure gage
calibrations shifted a total of only 2 psi over the time period in which
the data reported were obtained. The reproducibility of the calibrations
made before and after the experiments with a single test section generally
agreed to within 1 psi, thus the probable error in an individual pressure

measurement is judged to be about + 3/4 psi.

Sodium and Potassium Well Thermocouples: The three thermocouples located

in each of the four thermocouple wells at the boiler inlet and exit of the
sodium and potassium streams were calibrated periodically in a melting point
apparatus. The calibration temperatures utilized spanned the temperature
range of test operation. The thermocouple corrections obtained in this
manner were less than 10°F, and thus the well thermocouples are judged to

have a probable error after correction of less than 4+ 2°F.

Sodium Well Thermocouples -~ Relative Calibration: As described subsequently,

the amount of heat transferred in each data run.is determined from the temperature
change across the boiler in the sodium stream. For this reason, special runs
were performed in the facility to provide data for the calibration of these
thermocouples relative to each other with higher accuracy than obtained with

the absolute melting point calibrations. The requisite calibration data consist
of runs at two sodium flow rates with no potassium in the secondary loop, so

that the temperature change in the sodium stream is due to thermocouple error

and test section heat loss only. The data at each of the two sodium flow rates
are obtained at the same average sodium temperature, so that the test section

heat losses and the thermocouple corrections, which are assumed a function only

of temperature, are identical for the two cases.

At each of the two sodium flow rates W and W

Nal Na2’ the heat losses (QL)

can be expressed as follows:
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9, = "Na1 ®xa [ (Tyas)

- T. .- E, (A1) *
1R imj J]

Q, = "Na2 CRa [ (Tyas? ~ Tomy EJ] (A2)

2R
where:

(TNai) is the measured temperature of the sodium inlet thermocouple
R

selected as the reference for the relative calibration.

ij is the temperature measured by the jth thermocouple whose calibration

relative to the reference thermocouple is to be determined.

th
Ej is the error of the j thermocouple relative to the reference inlet
thermocouple, defined in terms of the corrected reading of the jth thermocouple

(Tj) as follows:

T =T .+ E, (A3)
J mj J

Equations (Al) and (A2) are two simultaneous equations in two unknowns
. These calibrations were

J

performed for all of the sodium well thermocouples at a minimum of two sodium

and can be solved for the values of QL and E

temperatures (generally three) for each test section. An equation expressing
the error as a linear function of sodium temperature was obtained for each
thermocouple from these data and was employed to correct the thermocouple
readings for the experimental data runs. These relative corrections are about
3°F. The probable error in sodium temperature difference obtained from the

well thermocouples calibrated in this manner is judged to be about + 1°F.

*Equations are numbered consecutively in each Appendix

-113-



The heat losses determined by the above procedure were essentially the
same for all of the test sections used in the experiments. The test section
heat losses varied from 0.8 KW at a sodium temperature of 1200°F to 3 KW at

a sodium temperature of 1800°F.

Boiler Shell Thermocouples: The sodium well thermocouples, calibrated

as described above, were used as standards for the calibration of the boiler

shell thermocouples. The calibration runs obtained with no potassium in the

secondary loop were employed for this purpose. The procedure followed was to
plot all of the shell thermocouple readings obtained in the high sodium flow

calibration run versus boiler length and correct these readings to a straight
line drawn between the readings plotted for the previously-calibrated sodium

inlet and exit well thermocouple readings. The total change in sodium

temperature for the high flow calibration runs was less than 1°F.

This calibration procedure was employed at the several temperatures for
which calibration data were obtained. Equations were derived expressing the
error in each shell thermocouple for each test section as a function of average
sodium temperature. These equations were employed to make the thermocouple
corrections in the boiling runs. The probable error in the corrected shell

thermocouple temperature readings is judged to be + 2°F.

Insert Thermocouples: The thermoqotiples positioned inside the insert

centerbody for those data runs with helical inserts were calibrated relative

to the previously calibrated potassium boiler exit well thermocouples. Boiling
runs were used for this calibration, which was accomplished by comparing the
insert thermocouple readings to the boiler exit well thermocouple readings.

The boiling runs employed were those in which the two-phase pressure drop was
small, for which the expected temperature change between the insert thermocouple

and exit well thermocouple was also small,
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Calculational Procedures

The calculational procedures employed to derive the various test results
presented in Appendix B are listed in this section of the report. The
nomenclature used in the equations following is conformal to the data column
headings of Appendix B and is listed elsewhere in this report. The various
temperat ures employed in the calculations are defined and illustrated by
sketches (a & b) which show typical sodium and potassium temperature profiles
as obtained in boiling runs for which all four heat transfer regions were
present. In runs with exit qualities less than 100% the superheated vapor
region is not present. The transition boiling region also is generally not

present in runs with exit qualities less than 50%.

The subscripts (i) and (o) in sketch (a) refer to boiler inlet and exit
temperatures. The subscript (IB) refers to the point of boiling initiation
and the subscript (¢) refers to the point of critical heat flux. The subscript

(IS) refers to the point where vapor superheating commences.

Overall and Average Results

The potassium mass velocity (GK) is the quotient of the potassium mass

flow rate (WK) and the flow area AF as follows:

W
K
G, = — (A4)
K
AF 2
7D,
For boiler tubes without inserts, AF = %76 (A5)

For boller tubes containing helical inserts, A_ is given in terms of the

F
insert centerbody diameter ch and the insert tape thickness AT as follows:

mwMm,~ -D _7) (D, - D ) AI‘
i cb i cb
Ap = 576 - 288 (46)
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The net rate of heat transfer in the boiler tube is given by equation (A7),
where the test section heat losses (QL) are obtained at the average sodium

temperature from the calibration results described previously.

QT = wNa CNa (TNai - TNao) - QL (A7)

The length of the subcooled heating region (Lsc), which is numerically equal
to the distance from the start of the heated length to the point of boiling
initiation (zIB), is obtained directly from the potassium temperature profile
determined from the insert thermocouples for those runs in tubes containing
inserts. For the no insert runs, LSc was obtained from a single-phase heat

transfer calculation as follows:

Q (3600) (144)
L = sc (AS)

sc —_—
UOsc ﬁDi ATOsc

The heat transferred in the subcooled heating region (Qsc) is given by

equation A9.

Qe =Yg Cx (Tyyp = Tgy) (49)

The potassium temperature at boiling initiation (TKIB) is obtained directly
from the measured potassium temperature profile in runs with inserts. 1In runs

without inserts, TKIB is assumed equal to the saturation temperature

corresponding to the local pressure (PKIB

pressure PKi by correction for liquid head, as follows. The liquid density /‘;f

), determined from the measured inlet
is obtained at the average potassium temperature in the subcooled heating region.

/d L
P =P _ Kf “sc

KIB Ki 1728 (410)
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The sodium temperature at boiling initiation (TNaIB) is calculated by heat

balance from equation All.
(A1D)

Q
Use

T =T +

NalB Nao wNa CNa

The average overall sodium-to-potassium temperature difference in the sub-

cooled heating region (ZEOSC) is calculated as follows:

= . Aogi ~ “Tors (A12)
Osc AT .
OKi
log, ()
OIB
where
ATOKi = TNao - TKi for countercurrent operation (Al3)
AEOKi = TNal - TKi for cocurrent operation (Al3a)
- T (A14)

=T KIB

ATom ~ "NalIB

The overall heat transfer coefficient in the subcooled heating region (UOS

is calculated from the individual sodium tube wall and liquid potassium heat

transfer coefficients as follows:
'Do -1
1 Ps T%e 5;) 1
Usc = 22 ) + 2kw + hKf (Al15)
Di Na

{Reference 42) for an annulus as follows:

0.3
(0.75) (12) D_.
= “va -2 [ 7 + 0.025 (N,)

h =
Na (Dsi Do)

0.8 ]
Na
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The sodium heat transfer coefficient is calculated from Lyon's equation
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where

(300) (576) W.. C
\N_) = Na_Na (A17)

Pe Na 1rchi + Do) KNa

The boiler tube wall thermal conductivity (kw) for Haynes-25 was obtained from

Reference 43.

The prediction recommended by Rohsenow (Reference 57), given following, is

employed to calculate the potassium liquid heat transfer coefficient (hKf)'

12 k 0.793
Kf ¢ 41 .8(N r)
— — . . PrK
hKf Di 6.7 + 0.0041 (NPe)K e (A18)
where
300 D. G, C
i K Kf
(N_)_, = (A19)
Pe K ka
C.. H
Kf Kf
(N_ ), = (A20)
Pr'K ka

Equations A8 through Al4 are solved by iteration in the data reduction
computer program, since the value of Lsc provided by equation A8 is also

required directly or indirectly in the other equations.
The average boiling heat flux (a;) is calculated as follows:

(3600)(144)(QT -Q. )

sC
99 = 7 @D, (91.5 - L_)) (a21)
1 sC

The vapor quality at the test section exit (xo) is obtained from

equation A22.
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SRR

2
s (e = Hges) Vigo

* T W, n - h ~23g_ n. (A22)
K fgo fgo gc fgo

The term tho appearing in equation A22 is the helical vapor velocity at

the test section exit, which is calculated as follows:

x G V.
o XK H (A23)

V. =
Hgo /% Va

The ratio of helical to average velocities, VH/va’ is derived in Appendix . C

and is given as follows in terms of the insert twist ratio P/D.

(A24)

The average boiling potassium heat transfer coefficient h_ is computed as

B
follows:
D
-1
D, log (=D
_ 1 e Di 1
b= lo " 2K °D (A25)
OB w _o h
D, Na
i
ap
v, = —— (A26)
B
OB
ATOKO - Morg
AT = A27)
0B ATOK
log —0-
e ATOIB
= - i 28

ATOKO TNai TKO for countercurrent operation (A28)
AT =T -7 for cocurrent operation (A28a)

OK Nao Ko
o
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The boiling pressure loss is computed in twc ways. One value (APb)

is obtained from the Taylor gages using equation A29, G
(APb)G = PkIB - Pko (A29)

For the data runs with inserts, a second value of the boiling pressure loss (A@h)
is computed from the measured temperatures at the point of boiling initiation
and at the boiler exit, using the saturation curve of potassium to obtain the

pressures corresponding to the measured temperatures.

The boiling frictional pressure loss (APTPF) is obtained from the total

pressure loss by subtraction of the momentum pressure loss,

APTPF = (APB)G - APM (A30)

The momentum pressure loss is calculated as follows (Reference 6).

VH 2
(GK V_)
a 1 1
L (a31)
o f1B
where

l/ﬁo=;—; [(1-x);§+%][l+x(K-l)] A32)

The slip ratio K in the above equation is the ratio of average vapor velocity
to average liquid velocity and is assumed equal to the square root of the

liquid-to-vapor density ratio.

The two-phase frictional pressure drop multiplier, %E 5 is computed as

follows:

(% = 5 (A33)
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The all-liquid pressure drop APf is computed from the measured friction
factors for the boiler tubes and their inserts as follows, where fi is the

measured friction factor for the tube with insert, obtained from Figure 31.

(91.5 - L_ ) GK2 _
AP, = f (A34)
s S | D, 288 P, €_

Results for the Individual Heat Transfer Regions:

In this section are described the procedures employed to obtain the
transition boiling and superheated vapor heat transfer coefficient data and
the critical heat flux values tabulated in Appendix B. Sketch (a) of the
preceeding section illustrates some of the nomenclature employed. Figure 23
shows the temperature measurements made in an actual data run from which the
local information was extracted and Figure 24 presents the local results

calculated for this same run.

The heat flux in the nucleate boiling region is obtained from the
temperature gradient in this region measured by the boiler shell thermocouples.
It is assummed that the temperature gradient along the shell is equal to the
sodium temperature gradient. The average shell temperature gradient is obtained
by drawing a straight line through the temperatures provided by the shell
thermocouples as shown in Figure 23. The nucleate boiling heat flux a

NB
is obtained from the shell temperature gradient dTS/dz as follows:
_ (144) (3600) wNa CNa de . (A3%)
g = D, dz. 4
The heat flux due to heat losses (qi) is given by equation A36:
(144) (3600) QL
L1}
- 3
I, b, (91.5) (A36)

The point of boiling initiation (zIB) and the subcooled heating length (Lsc)
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are obtained as described previously. It is assumed that the break in
shell temperature gradient illustrated in Figure 23 demarks the axial
posifion(zc) at which the critical heat flux occurs. The axial position
at which vapor superheating commences (zIS) is assumed to be the point at
which the potassium temperature begins to rise as shown in sketch (a) and

Figure 23.

The length of the vapor superheating region (LSH), of the transition
boiling region (LTB) and of the nucleate boiling region (LNB) are given by
equations A37 - A39 following.

= 91.5 - 37
Lsn *1s (A37)
LTB = ZIS - ZC (A38)
g = %2c ~ %1 ' (A39)

The amount of heat transferred in the nucleate boiling region (QNB) is

calculated from equation (A40).

“—yr
mD; Ly 9yp

OB = (144) (3600) (A40)

The amount of the heat transferred in the vapor superheat region (QSH)
can be determined from the potassium temperature rise in this region as

follows:

Uy = Yk Cge [ Tko ~ TKIS] (a41)

The potassium temperature at the point where superheating commences (TKIS) is

provided by the potassium temperature profile as measured by the insert thermo-

couples.
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The heat transferred in the transition boiling region (QTB) is obtained by

subtraction as follows:

Up = % - Qp " Uy T % (A42)

The heat flux levels in the transgition boiling and vapor superheating regions

(E;ﬁ and EgH) are calculated as follows:

(3600) (144) QTB

—r
. = (A43)
™ T P; g

- (3600) (144) Q,

SH D, L,

The sodium temperature at the point where vapor superheating commences and
at the critical heat flux point are calculated by heat balance from the

measured sodium inlet temperature.

Q
SH
T =T, . - — (A44)
NalsS Nai wNa CNa
Q
TB
TNac - TNaIS w C (A45)
Na "Na

The average overall sodium-to-potassium temperature differences in the
nucleate boiling, transition boiling and vapor superheating regions are
computed as follows:

— (Tyac Tke) ~ Tyars Tkin’

AT, o = ! (A46)
)

Nac Ke

T

log, ( —
NalIB KIB

(Tgars™Tk1s’ ~ (T

oTB Tna1s Tkis

1Oge (T -T )
Nac "Ke

Nac—TKc)

Bl

(A47)
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(r, .-T. ) - ( )

Nai Ko Tyars Tk1s
OSH TNai—TKo
loge (————

TNa1s TkIs

(A48)
)

The overall heat transfer coefficients for the various regions are calculated

from the overall temperature difference values.

'
M

Q)

B (A49)

&
Bl

ONB

£

"

(A50)

=

1t

SH (A51)

t
Bl

OSH

The transition boiling and superheated vapor heat transfer coefficients
are calculated by subtracting the sodium and boiler tube wall thermal resistances
from the overall thermal resistance as follows. The sodium heat transfer

coefficient hNa is calculated from equation Al6.

D, -1
1 Py T%%q (B:) 1
b =T - 2k ) (452)
TB _o h
D, Na
D
D, log_ (==) &
1 i e Di 1
bov™ [T ~ "ok % (A53)
SH _©° h
D, Na
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The potassium nucleate boiling heat transfer coefficient is large and is

a small fraction of the overall nucleate boiling thermal resistance. For
this reason, the overall heat transfer coefficient in the nucleate boiling
region is nearly constant. The average overall nucleate boiling heat transfer
coefficient can be employed, therefore, to calculate with good accuracy values
of the local heat flux. In particular, the critical heat flux (qg) is
calculated as the product of the overall nucleate boiling coefficient and the

measured sodium-to-potassium temperature difference at the critical point.

e = UNB (TNac - TKc) (A54)

The local quality at the critical heat flux point (xc) is calculated

by energy balance as follows:

2 2
x = x hfgo _ g _ ks (T. -T. ) + vHo - vﬁc (A55)
c o hfgc WK hfgc hfgc Ke Ko 2ch hfgc

For runs with exit qualities less than 100%, x0 in equation A55 is
the exit quality. For runs with superheated vapor exit conditions, xo is
the quality at the initiation of bulk superheat which is assumed to be 100%.
All the property and temperature subscripts in equation (A55) are changed

from (o) to (I8) when it is applied to superheated vapor runs.

The arithmetic average quality in the transition region is associated

with the transition boiling heat transfer coefficient as follows:

Xc + Xo
s~ Tz2.0 (A56)

The temperature associated with the transition boiling heat transfer
coefficient and the superheated vapor heat transfer coefficient are the
arithmetic average potassium temperatures in the respective heat transfer

regions.
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The local potassium temperatures T and T required in the

KIB’ 'Ke KIS

above calculations are determined from the temperature profile measured by
insert thermocouples in those data runs with helix inserts. No exit
qualities higher than 90% were obtained in runs without inserts, thus the

temperature TKI is not required. The temperature at boiling initiation

for the no—inseit runs is calculated from the measured inlet pressure as
described previously. The local pressure at the critical heat flux point,
from which TKc is determined by use of the potassium saturation curve, is
computed by two-phase pressure drop calculation as follows for the no-insert

runs.

2

LNB G
K
P =P - % f, - AP (A57)
Kc KIB i Di 288 /Kf g, M

jf is the two-phase pressure drop multiplier integrated from O to X, and
fi is the single-phase friction factor for smooth tubes. The momentum pressure

loss APM is obtained from equation A31l.
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APPENDIX B

Tabulation of Experimental Results

The numerical experimental results obtained from the two-fluid boiling
experiments are presented in this appendix. The overall and average results,
consisting of the overall boiler performance, average boiling potassium heat
transfer coefficients and frictional pressure loss multipliers, are listed
in Tables VII through XIV. The critical heat flux results, transition boiling
heat transfer coefficients and superheated vapor heat transfer coefficients
are presented in Tables XV through XVII. The symbols employed for data

column headings in the various tabulations are defined in Table VI.

All of the data presented are grouped according to the test section with
which they were obtained. The overall and average results are further
differentiated with respect to the test procedure by which they were acquired.
A majority of the data (Tables VII through XI) were obtained according to a
test plan whereby the boiler exit quality was varied by changing the test
section power while the potassium mass velocity and boiler exit temperature
were held constant. Data were obtained in this manner for several mass
velocities at the two nominal boiler exit temperatures of 1550°F and 1700°F.

This test plan is designated Test Plan A in the data tables.

Additional data (Tables XII through XIV) were obtained according to a
second test plan, designated Test Plan B. 1In Test Plan B, the boiler exit
quality was varied by changing the potassium mass velocity while the boiler
power and potassium boiler exit temperature were held constant. Data were
obtained with this procedure at the two nominal boiler exit temperatures of

1550°F and 1700°F.

The original measured temperatures, flow rates and pressures from which

the various quantities listed in the data tables are derived have been
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reported in Quarterly Progress Reports (References 2-13). The source of the
original data for each test case is given in the following listing. The test
case numbers utilized to define the test conditions for each data tabulation
are also identified. The boiler tube length was 91.5-inches, the shell inside

diameter was 2.07-inches and the potassium was in vertical upflow for all

test cases.

Source Of

Test Case Test Conditions Original Data

1 0.92-inch ID Boiler Tube With P/D = 2.2 Reference 9
Helix Insert, Countercurrent Sodium Flow

II 0.92-inch ID Boiler Tube With P/D = 6 Reference 10
Helix Insert, Countercurrent Sodium Flow

111 0.67-inch ID Boiler Tube With P/D = 6 Reference 10
Helix Insert, Countercurrent Sodium Flow

IVa 0.67-inch ID Boiler Tube With No Insert, Reference 11
Countercurrent Sodium Flow

IVb 0.67-inch ID Boiler Tube With No Insert, Reference 11

Cocurrent Sodium Flow

Each data run in the various data tabulations is identified according
to the date and military time at which it was obtained. This is conformal

with the data run identification employed in References 9, 10 and 11.
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TABLE VI

Data Table Nomenclature

Radial acceleration developed by the insert at the point
of critical heat flux

Radial acceleration developed by the insert in the
transition boiling region

Potassium mass velocity

Potassium heat transfer coefficient averaged from the
point of boiling inception to the boiler tube exit

Potassium heat transfer coefficient in the superheated
vapor region

Potassium heat transfer coefficient in the transition
boiling region

Boiler tube length in the superheated vapor region

Potassium pressure at the potassium boiler exit

Potassium pressure loss after boiling inception, computed

from the pressure gages

Potassium pressure loss after boiling inception, computed

from the insert thgrmocouples

Average heat flux after boiling inception
Critical heat flux

Average heat flux in the superheated vapor region
Net heat transferred in boiler tube

Potassium temperature at the critical heat flux point

Average potassium temperature in the superheated vapor
region

Average potassium temperature in the transition boiling
reglion

Average tube wall-to-potassium temperature difference in
the transition boiling region

Degrees of vapor superheat at the potassium boiler exit
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1b/(ft2-sec)

Btu/(hr-ft2—°F)
2

Btu/(hr-£ft -°F)
20

Btu/(hr-ft -°F)

inches
psia

psi
psi

Btu(hr-£t2)
2

Btu(hr-£ft)
2

Btu(hr-£ft")

Btu/sec

°F

°F
°F
°F

°F



Nai

Nao

Ki

Ko

Date

Time

TABLE VI (Cont'd)

Sodium temperature at the sodium boiler inlet
Sodium temperature at the sodium boiler outlet
Potassium temperature at the potassium boiler inlet
Potassium temperature at the potassium boiler exit

Integrated boiling potassium frictional pressure loss
multiplier

Potassium quality at the critical heat flux point

Average potassium quality in the transition boiling
region

Potassium quality at the boiler exit

Calendar date on which data run was obtained, e.g.,
05224 = 5/22/64

Military time at which data run was obtained, e.g.,
2300 = 11:00 P.M.

=132~
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TABLE VII

Overall and Average Results
0.92-1nch ID Boller Tube With P/D = 2,2 Hellx Insert
Countercurrent Sodium Flow, Test Plan A

Test Case 1
(ary)  (aPR) I =
Gk Pxe Tko %o Bg Ba By g W TNas Trao Ty Date  Time

1650 < Ty, < 1750°F

20.45 59,29 1711.9 0.226 0.88 0.09 32.9 3,060 33,580 20.60 1741.2 1730.3 1054.9 05224 1100
21.37 50.81 1671.0 1.145 8.90 7.69 270.7 3,150 167,480 85.93 1844.8 1803.7 1387.3 05264 2345

18.79 38.22 1654.1 sS4* 9,80 374.2 1,650 143,820 75.26 1839.9 1803.7 1352 05274 0005
16.43 30.43 1762,3 216* 12.44 599.5 1,150 136,010 T1.51 1841.0 1806.4 1323.4 05274 0020
14,86 25.87 1762.6 252+% 13,18 751.0 950 130,190 68.59 1842.5 1809.3 1301.0 05274 0025

1384.5 05274 0745

22.82 53.47 1686.1 0.266 0.70 0.35 20.4 3,470 44,420 25.87 1723.2 1709,
1379.6 05274 0900

20.86 53.82 1687.9 0.304 1.03 0.37 35.8 4,130 46,080 26.40 1724.0 1710.

9
5

21.79 56.70 1700.5 0.509 2,11 1.39 65.7 5.410 79,510 L42.60 1759.5 1738.2 1366.0 05274 1130
19.35 59.55 1713.1 0.806 2.93 2.30 103.4 6,150 109,200 56.88 1793.hF 1764.9 1355.0 05274 1400
20.28 58.42 1707.8 0.888 3.28 1.55 103.1 5,500 125,800 65.23 1798.9 1767.1 13L41.9 05274 1500
39.60 60.38 1716.2 0.202 1.00 1.24 12.3 3,390 61,660 33,72 1768.8 1751.8 1496.8 05224 0100
39,77 59.17 1711.5 0.110 0.65 0.55 8.8 2,330 34,470 20,91 1745.6 1734.6 1521.2 05224 0650
37.81 47.66 1657.0 0.334 3,52 2,88 47.6 4,310 o4,740 U48.58 1735.5 1711.5 1450.4 On254 2230
37.15 57.85 1705.7 0.127 ©0.65 0.31 9.5 2,430 36,790 22.12 1740.6 1729.1 1500.2 05264 0630
38.67 47.15 1706.3 0,252 12.89 1.64 190.5 3,490 73,550 38.81 1768.7 1749.1 1501.5 05264 0930
38.10 54,83 1691.,7 0.262 2,70 2.09 35.3 2,900 74,450 39.48 1560.6 1740,8 1488.1 05264 1100
36.68 55.55 1691.0 0.702 9.61 9.40 128.5 5,700 185,110 90.87 1842.0 1798.6 1495.7 05264 1800
31,99 56.96 1698.4 0.828 8.59 8.28 138.2 6,120 188,940 93.57 1846.1 1801.6 1457.8 05264 1930
27.41 56.99 1699.5 0.978 6.87 7.60 131.9 5,770 188,730 94,31 1847.3 1802.3 1430.6 05264 2130
25,35 54.94 1689.9 1.028 8.24 7,17 186.7 4,550 181,810 91.73 1841.4 1797.8 1407.9 05264 2230
25,31 54,08 1688.9 1.033 8.06 7.60 182,3 4,710 182,910 92.25 1841.0 1797.1 1399.7 05264 2300
55.99 56.75 1699.5 0.162 3.07 2.87 25.05 3,290 72,320 37.64 1765.8 1747.0 1540.5 05214 2100
49.3% 56.52 1698.8 0.197 1.98 2.35 18.23 3,490 75,660 39.32 1764.1 174l.7 1524.9 05214 2200
45,64 56.87 1703.3 0.209 2.25 2.26 23.94 3,480 73,970 39.09 1767.1 1747.8 1504.7 05214 2300
40.60 60.15 1716.9 0.223 1.29 1.68 15.35 3,620 69,460 37.24 1775.0 1756.2 1k96.9 05214 2400
41.72 62.71 1728.1 0.128 0.52 0.62 6.01 2,690 Uu2,280 25.06 1766.6 1753.6 1515.6 05224 0338
162.0 71.41 1761,0 0.048 4.19 3.81  8.71 4,150 78,260 34.40 1824.8 1807.3 1695.1 05204 2200
75.6 60.53 1717.0 0.248 7.86 8.96 39.51 5,270 149,400 69.63 1840.6 1806.4 1591.0 05214 0528
79.0 64.38 1733.9 0.223 7.60 7.86 36.11 4,760 140,190 65.61 1850.0 1817.9 1613.5 05214 0700
75.7 60.70 1717.1 0.183 5,85 5,30 29.99 3,960 110,720 53.37 1812.9 1786.5 1593.6 05214 0930
75.5 63.43% 1729.4 0,119 3.66 2.63 19.66 3,130 74,140 37.55 1796.5 1777.6 1604.7 05214 1300
75.4 63.20 1730.1 0.068 2.25 1.28 13.03 2,250 44,680 25.30 1775.5 1762.4 1600.5 05214 1730
65.2 55.78 1694.8 0.134 3.61 2.73 23.90 3,040 70,650 36.49 1760.9 17h2.7 1557.9 05214 1900
60.5 56.38 1695.8 0.147 3.01 2,68 22,00 3,100 71,630 37.41 1762.1 1743.4 1540.0 05214 2000
65.8 L6.23 1647.6 0.072 2.22 1.58 15.70 2,530 40,490 23.03 1688.8 1676.9 1518.3 05224 1400
1500 < Ty < 1600°F

18.93 27.96 1533.4 0.213 1.30 0.18 55.0 3,460 30,120 18.94 1558.8 1549.0 1205.1 05254 1300
23.93% 31.85 1558.3 0.303 1.93 1.36 53.5 2,960 53,560 30.21 1610.4 1595.3 1276.6 07014 1130
21.00 34.42 1576.4 0.337 1.56 1.01 52,2 3,470 51,970 29,57 1623.0 1608.0 1255.7 07014 1400
20.88 28.24 1535.6 0.544 4,32 3,55 143.8 3,040 82,220 44,23 1620.7 1599.1 1215.0 07014 1730
19.87 27.69 1527.5 0.922 7.19 6.84 238.9 4,100 131,270 67.98 1658.6 1625.9 1190.4 07014 1930
18.91 25.56 1509.2 1.101 9.45 9.00 332.6 3,190 147,930 76.30 1674.8 1638.2 1190.2 07014 2100
24 .14 -25.53% 1507.2 0.893 10.81 10.08 266.3 3,700 156,390 80.11 1677.1 1638.6 1200.% 07014 2225
20.95 36.01 1585.1 0.758 4.35 4.45 133.4 4,570 113,820 59.37 1685.7 1656.8 1248,1 07024 0330
21.36 30.40 1547.4 0.770 5.59 5.38 167.5 4,090 118,510 61.54 1663.4 1630,2 1227.2 07024 0630
21,39 29,50 1540.4 0.773 5.92 5.82 177.9 3,990 119,250 61.62 1663.9 1626.6 1239,2 07024 0730
20.41 29.38 1538.7 0.835 -3.61 6.12-182.0 3,910 122,510 63.26 1672.3 1628.0 1225.9 07024 0830
20.39 26.30 1512.7 0.74B 9.33 6.94 326,2 2,080 109,540 57.14 1687.5 1615,1 1217.2 07024 0930
16.06 19.56 1601.8 151* 10.28 487.7 1,380 125,200 66.01 1687.6 1655,7 1181.7 07014 2120

* Degrees of vapor superheat at potassium exit
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TABLE VII (Cont!'d)

(aP,) (aP,) =
Po Bg By L by 98 Q  Tyas Tnao Tka Date  Time

31.69 1562.4 0.222
31.29 1556.9 0.116

2.85 40.8 3,210 64,uzo 34,97 1625,
1.75 0 21.34
8 29.50 1543.4 0.127 1.38
7.329
7.14

25,6 2,640 35,8
28,8 3,150 30,830 19,10 1572,

2. 1351. 05254 0”30
1187 3923 8830
0.70

2.24 154.0 5,150 154,180 79.54 1716.4 1679
«05

9.53

1
6 1372.3 oge 4
4 1321,2 05254 1100
35.26 1575.7 0.780 3 1194.2 05274 0130
3
5
3

20.83 1550.5 0.415 1371.,8 06304 1130

92,9 3,800 118,830 59.76 1669.3 1640.
31.01 1548,3 0.540 9.60 4,420 151,950 75.23 1699.0 - 1662.5 1367.7 06304 1430
29,60 1537.0 0,622 11.93 11.98 145.8 4,110 176,320 87.09 1718,9 1677.3 1355.1 06304 1600
30.00 1536.9 0.710 12,89 14.66 164,1 4,560 193,170 94.82 1737.6 1692.4 1355.4 06304 1800
29.66 1532,9 4,470 213,220 10L4.40 1758.4 1707.9 1349,1 06304 1930
31,29 153%9,8 0.833 15.31 17,61 193.3 4,270 221,860 109.10 1775.9 1722.7 1346.1 06304 2045
30,30 1531.8 4.8 4,280 230,090 112.60 1777.9 1724.3 1358,5 06304 2130
30.24 1527.6 0.878 17.61 19.95 214.6 4,020 236,900 116.30 1787.6 1731.8 1347.9 06304 2200
28,27 1521.6 0.987 21.33 21.84 285.,1 3,420 249,480 123,40 1809.7 1750.0 1334,6 06304 2300
31.85 1557.1 0.196 2.40 2.02 38.6 2,380 52,020 28,82 1614.,9 1600.4 1370.3 D7014 1000
31.23 1551.9 0.259 1.79 1.70 36.2 2,970 56,090 30.88 1607.5 1591.9 1327.0 07014 1030

36.21 1588.9 0.152 3.19 2.93 27.0 3,050 66,240 34.89 1654.9 1637.1 1436,1 O0-244 1630
34,39 1572.6 0.197 4.06 4,15 35,6 3,080 79,870 L0.99 1655.2 1634.7 1427.5 05244 1800
33,26 1567.3 0.246 4,44 4.28 48,2 3,380 85,020 43.87 1652.6 1631.1 1393.9 05244 1930
35,09 1581,3 0.250 4,31 4.01 47.3 3,650 86,900 45.19 1664,2 1642.0 1382.9 05244 1930
34,34 1577.1 0.278 3,71 3.57 50.3 3,540 81,140 42.41 1655,3 1634.1 1377.2 05254 0030
30.83 1552.3 0.097 1.07 0.94 14,4 2,690 32,140 19,56 1584.9 1574.6 1375.8 05254 0930
31.60 1558,0 0.159 1.81 1.64 22,3 2,810 51,280 28.12 1609.1 1594.9 1390.3 06304 OL30
30,58 1551,2 0.288 4,38 3.80 54.2 3,770 88,540 U45.45 1635.8 1613.4 1372.5 06304 0830
30.74 1549.4 0,154 6,03 6.03 31.6 3,210 93,380 46.05 1648,7 1626.3 1432,6 05224 2130
32,22 1562.4 0.127 4.39 4.29 25.7 3,140 75,130 38.08 1640.6 1621.5 1439.,4 oB224 2400
28,58 1537.6 0.102 4.08 3.78 23.2 2,870 63,850 32.90 1607,.6 1591.1 1424.0 05234 0300
30,61 1553,5 0.094 3,55 3.10 21.4 2,800 56,820 29.84 1614.6 1599.5 1437.6 05234 o030
33,17 1568.3 0.056 2.69 2.09 14.7 2,290 37,860 20.71 1612.2 1601.5 1481.8 05234 1130
35.98 1585,5 0.044 2.60 5.76 16.3 3,600 40,650 21.71 1638.9 1628.0 1477.7 05234 1353
36,12 1586.2 0.083 2,28 2.52 15.6 2,080 45,220 .25,58 1639.8 1627.0 1456.9 05234 1430
31,01 1551,8 0.084 8,57 8.81 22,0 4,730 117,330 49.52 1665.9 1641.6 1478,0 05234 2300
33.83 1567.3 0.069 6,73 7.53 16.1 5,420 105,900 43,68 1665.4 1643.7 1504,5 05244 0030
35,01 1578,3 0.043 5.14 5.02 13.5 4,110 66,570 29.15 1644.8 1630.2 1522.6 05244 0830
30.8% 1550.,3 0.024 3,50 3.19 10.7 2,570 36,880 18.70 1595.5 1585.6 1496.4 oB244 1200
29.69 1543,0 0.031 3.56 2,66 12.8 2,380 35,490 19.04 1586.8 1576.7 1477.7 0B524L 1300
25,34 1511.4 0.109 3.65 3.20 26.7 2,360 53,870 28.73 1576.6 1562.1 1397.1 05244 1L00
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TABLE VIII

Overall and Average Results
0.92-inch ID Boiler Tube With P/D = 6 Helix Insert
Countercurrent Sodium Flow, Test Plan A

Test Case II

GK PKo TKo *o CAPB% (APB% ]E EB aﬁ QT TNai TNao TKi Date Time
1650 < Ty, < 1750°F
19.26 57.73 1706.0 0.473 1.32 1.30 156.8 6,470 65,350 36.18 1 :
BE R VSN 1 1B B GR iR LR ugs e URe S X
. . 4o, . . . .09 1788.4 1760.2 135L. 07244 1500
22.25 59.29 1712.5 0.79% 2.44 2.19 195.4 8,010 125,300 64.66 1797.5 1766.2 134
22.67 55.51 1695.3 o83 3.12 2.58 243.6 5.220 134,770 69.71 1 1.2 37828 13 8.5 oTMl 5339
19.12 47.72 1656.4 1.101 3.93 3.88 30k.5 1,640 143,410 7 "33 188308 1805 1% 13798:8 Stak 3399
19.11 47.72 1654.6 1.102 3.93 L3¢ 336.6 1,600 143,400 289 1oie 3 160 13185 e Gi%e
24,37 66.54 1782.9 0.921 3.50 3.02 241.6 10,930 158,850 80.24 l6th.5 180.5 15 8.2 grean  aRe
20.35 65.50 1739.6 1,201 3.24 2.59 270.6 12,380 170,060 86,17 18nec3 1804 .5 i??i:% 8;323 i?ﬁ?
39,60 60.12 1715.7 0.223 1.97 1.4k 82.7 10,190 70,190 36.83 1761.5 1743.0
39:52 55.97 iggi.i 8.gﬁg E.;g 326 i%g.g %giégg %gu:ggg 66.1§ 11828 17e5:1 liest 8;32& 1500
. . . . . . . .78 1797.3 1759.9 1468.5 07254 2230
39,45 57.72 1705,6 0.630 4L.31 4,53 132, 13'960 184,600 Zg 62 182 1780.4 3
57.45 57.4% 1703.0 0.813 5.4h 5.98 166.8 12,380 221,680 107.70 1835:8 1106, 1425'8 Sree 3939
37.97 57.47 1711.4 0.820 5.44 5.87 160.0 13,610 229,080 111.00 1858.2 158012 1462'3 orasy 9239
35.37 57.82 1704.7 0.890 5.4% 5.95 176.1 11,150 227,360 111.10 18222 189373 1au03 S1asr %3S
31.52 66.37 1742.9 0.704 3.53 3.28 164.3 13,880 22l %20 80209 16032 T6on.5 Wal-l grae 9890
27.52 65.94 1741.1 0.806 3.53 3.65 204.8 12,070 158,470 79:43 1845.3 1804 Lisle  oreer 122
40.67 59.52 1712.0 0.332 2.51 2.21 90.8 13,450 104:750 52.12 177317 1753, iﬁé?:g 8$§§ﬁ 1238

1mo<%o<ww%'

15.25 36,22 1585.3 1.283 4,16 4,78 604.5 810 131,540 69.92 1860.4 1826 5
. . , . . .2 1252, 0 0
BRI LR R Lk A s hte FELED SRINED o o
18.96 55.07 1576.3 0.650 2.13 2.07 230.7 16,210 87,580 16.10 1638.5 181%.5 150355 ofaos  1eks
. . . . 16%6.2 1613.,4 1209, 072
et Sis aes Sal B BRI UAC.She S s n dee sa iR
. 6 0.915 3. 5 6L : 40 1667.L 1636. . 0
%8.91 3320 156g.2 0.975 3.62 3.87 343.4 4,660 131,260 68.29 167%.0 1623.? %igg.g Ogggﬁ %2;8
ki ol Rorl iR ET R LR P
18.4% 32.15 1559.9 0.773 3.21 2.61 371.5 6,950 10k,400 22150 1828-5 123912 3953 Shoni o330
18.L48 31.50 1555.5 0.760 2.74 2.43 301.2 6,500 104,720 20z 16’%'O 10075 %52 Skoah  02a0
18.47 20.00 1538.5 0.749 3.34 2.63 398.3 5,930 Toniloe 2253 l66?'5 10971 59T Dheit 970
18,47 30,95 1551.8 0.80B 3.39 2.63% 391.2 5,010 1917880 23.38 178304 1961-6 9195 Coouh  oves
. . . , , 59,18 1723.4 1577." . 080
18.98 33.20 1567.0 0.787 3.63 2.48 Ld2.9 0,520 108,520 53.57 18583 12Z;.£ 85%,2 OBOﬁﬁ ?ggg
38.71 32.3%3 1557.2 0.094 1.75 0.75 83.5 3,880 30,120 18.88 158%.6
. . . R , . 58%.,6 1 .81 . o072
pEER At R SR 1A BB pO B g U T 88
38.56 34.12 1563.7 0.425 3.20 3.69 103.6 10,730 127,010 63. 2 16958 1 oo 12852 ol 1R
38.71 33.81 1566.4 0.553 5.44 5.68 176.0 11,710 163,020 3:28 1622'8 10089 13225 OrEL 165
37.2L 33.38 1564.4 0.668 5.78 6.79 223.1 0,880 186,710 233 6'6 1608:2 1001 B3NN 1839
38.74 33.75 1566.1 0.731 8.09 8.3% 241.6 9,710 ele'zao 18 o) 179502 J08e.2 15060 OTETE 1996
. . 6 9, ; 3.04 1729.3 1680.0 .
gg.gg 53.47 1563.1 0.857 9.51 10.36 259.3 B.730 246,610 119.79 1?5?.2 1700.6 19783 8;2;3 %228
.69 32.39 1558.9 0.92l4 11.60 12.28 209.8 8,870 272,790 131.92 1776.6 1715.9 1357.0  O7274 2300

30.13 30.82 1547.0 0.067 12.48 12.97 322.5 7.950 280,870 126.20 1778.6 1
. . , , . . 13, . 0
redemilinip iBh e Rain s B o
. . . . . . . 101.07 1 .2 1659. . 0
gg.gg gi.gg %ggﬁ.g g.ggg ;.gg ;.gﬁ Sgg.g 1;:338 285:238 102.3£ 17?7.3 1622.$ 182%.2 oggﬁﬁ 2320
.79 31. .8 0, . . . , ,350 105.08 1740.Lk 1656.3 1066.5 oso4l 2300
37.70°32.02 1556.9 0.691 T.68 T.21 261.2 7.500 207.220 103.6
36.76 30.55 1547.4 0,705 7.27 6.90 255.0 5,180 210,800 193:08 1628:8 10993 10020 B0EL 0500
. . . , 3.08 1858.9 1612.6 . 080
ghinareis 0B SRER IR R BB 0 B W
38.53 31.56 1554.2 0.039 11.07 12.43 336.0 8,280 270,550 1 ‘a6 1T3R:2 102 13250 Shons 200
38.47 31.22 1553.5 0,045 12.08 16.37 349.7 15,910 2;9'35 2396 1005 Mass 1z O8N Bae
. . 715, B30 131.87 1814.3 1705, .
37.93 30.48 1523.6 0.050 12.25.15.65 352.8 6,070 274,790 152.04 1860:2 1?0?.% i?ég.ﬁ 8%82ﬁ gigg

-135-



TABIE IX

Overall and Average Results
0.67-1inch ID Boller Tube With P/D = 6 Helix Insert
Countercurrent Sodlum Flow, Test Plan A

Test Cagse III

-n
T x (APB()} (APB,% $ by a3 Q@  Tyag  Tyao - Txy  Dete  Time

a Ko 0

P

K Ko

1650 < Ty < 1700°F

38.28 58,05 1707.4 0.266 1.89 2.79 40.8 59,190 49,280 20.20 1742.7 1729.3 1432.2 10094 1815
39.96 57.39 1706.2 0.109 2.98 4.05 54.6 37,130 78,530 30.49 1761.1 1741.7 1409.9 10104 0230
39.80 53.62 1688.6 0.550 4.40 5.34 75.2 20,610 104,000 39.21 1763.2 1738.8 1402.8 10104 0430
39.11 56,38 1701.6 0.698 5.92 6.83 100.7 19,520 128,260 47.64 1794.2 1764.8 1417.2 10104 0800
39.07 57.50 1707.5 0.832 7.98 8.28 119.8 471,240 161,430 56.09 1817.7 1783.3 1407.7 10104 1200
39.58 49.64 1668.8 0.966 10.69 12.23 163.1 5,070 174,640 B4.16 1832.0 1792.8 1479.7 10104 1930
38.15 50,00 1680.4  13* 11,67 196.6 56,140 179,340 66.23 1835.6 1795.4 1417.4 10104 2015
34,56 37.32 1654.5 60* 15.47 41,1 1,670 148,660 55.88 1842,8 1808.4 1489.1 10104 2050
38.56 43,30 1660.0 29* 14,80 260.2 2,840 168,810 52.79 1837.7 1799.4 1481.7 10104 2150

38.54 55.26 1695.8 0.879 8.44 9.83 141.9 12,270 158,080 58.48 1818.6 1782.0 1387.8 10154 0130
35.59 55.43% 1697.6 0.990 B8.78 B8.91 164.5 5,310 160,630 59.92 1837.3 1800.7 1414.7 10154 0330

40.29 57.42 1705.6 0.921 9,34 10.09 143,2 14,710 172,740 63.21 1835.0 1796.4 1434.1 10104 1530
40.48 28,36 1656.3 55% 18.36 299.,2 2,570 183,970 68.48 1855.5 1814.0 1469.6 10114 0230
14,78 L8,77 1661.8 0.986 13.36 15.47 158.7 5,320 202,830 73.81 1850.8 18n6.2 1500.4 10114 0430
48.75 51,51 1679.3 0.947 13, 59 15.26 1Lo.4 7,640 214,650 77.55 1861.4 1814.7 1490.8 10114 OT00
52.%1 57.33% 1703.6 0,634 10.3L4 11.74 117.9 11,210 159,230 58.42 1831.0 1795.3 1422.8 10144 1900
15,18 57.42 1702.0 0.757 9.28 10.89 125,2 12,590 161,470 59.37 1828.8 1792.4 1415.9 10144 2230
44,66 16.96 1632.8 211%* 34,51 483.9 2,080 218,860 81.83 1869.7 1803.5 1339.5 10174 0400

309.1 S5S4.11 1684.6 0.089 25,87 23.79 3 12,210 196,880 51.99 1853.4 1820.9 1624.1 10144 0500
163.5 54,68 1690.0 0.188 19.78 20.84 4 11,670 179,900 56.81 1848.5 1813.6 1576.6 10144 1000
107.5 54.13 1689.5 0.287 16.40 16,60 6 8,040 162,540 56.47 1835.9 1801.0 1518.8 10144 1200
71.7 57.22 1702.3 0.441 13,23 13,70 9 9,310 157,620 57.14 183%6.0 1800.9 1458.5 10144 1500
60.9 61.04 1718.6 0.487 8.57 11,18 7 21,590 145,810 52.55 1830.4 1797.9 1484.,5 10154 0530
60.8 60.76 1717.7 0.348 5.88 7.06 5 18,760 106,070 40.03 1797.8 1772.7 1444.4 10154 0830
69.7 59.46 1711.2 0.157 2.67 3.41 2 12,390 57,830 24.60 1755.0 1739.1 1443.2 10154 1130

b =3 00 0o 00 Co\N
.
OWO H OWOWU1-

15004 Ty & 1600°F

29,690 78,470 30.19 1618.4 1599.3 1273.0 10114 1830

39.27 30.24 1550.5 0.406 4.69 5.27 94.1
38.31 29,84 1548.3 0.557 7.10 T7.47 67.8 g 560 103,770 28 .93 1643,1 1618.8 1281,3 10114 2130
b 30,15 1548.5 0.699  9.97 10.09  30.7 0 132,230 6 1678.0 1647.4 1309.0 10124 0030
39.47 31,66 1558.8 0.83%9 11.73 12.57 180.0 9,060 158,350 58. 10 1711.7 1675.4 1316.3 10124 0230
34,10 20.32 1592.2 133% 22,17 “° our.9 2,280 159 870 59.49 1761.1 172k.5 1421.3 10124 0800
34,10 20.32 1568.7 110* 22.16 595.6 2,560 167,560 62.15 1762.8 1724.6 1421.8 10124 0800
39.93 23.39 1516.4 0.972 20.72 19.18 239.9 3,380 181,260 66.68 1754.4 1713.5 1392.1 10124 0900
39.94 25.93 1522.2 0.964 19.80 19.02 250.8 3,440 180,020 66.18 1754.0 1713.5 1390.1 10124 1000
38.06 22,31 1545.6  67* 23.40 u28.7 2,430 171,680 63.77 1770.0 1731.4 1406.5 1012k 1200
38.04 20.24 1576.6 119% 24,95 458.6 2,370 174,760 64.92 1772.2 1732.9 1403.9 10124 1220
36,98 18,10 1585.4 150% 25.68 492.1 2,080 173,150 64.49 1773.0 1733.7 1392.6 10124 1240
39.69 25.44 1526.0 0.929 21.53 19.68 367.0 2,870 171,740 64.06 1764.0 1725.1 1338.9 10134 1530
27,61 21.84 1543.0 0.871 23.07 15.65 456.6 1,880 150,740 57 25 1764.9 1730.2 1323,4 10134 1630
39.70 30.95 1571.3 0.901 14,98 13.39 235.7 7,610 169,880 62.28 1712.2 1690.4 1333.9 10154 2030
39.48 31.72 1557.0 0.952 15.28 16.L40 235,3 6,060 177,430 65.05 1737.3 1705.1 1348.6 10164 0030
35.82 33.17 1569.2 0.954 15.19 15.79 232.7 5,290 179,070 65.58 1769.9 1716.6 1356.5 10164 C230
39.81 31.97 1560,1 0.948 15.48 16.31 236.8 1,510 178,760 65.24 1790.8 1711.8 1356.2 10164 0430
33.78 31.32 1555.9 0.945 15,04 16.51 227.6 4,090 178,710 65.04 1812.6 1707.6 1352.8 10164 0700

40.35 33.95 1574.9 0.222 2.00 2.13 39.4 216,150 44,660 18.91 1607.4 1595.0 1286.7 10114 1600
40.53 31,57 1558.0 0.866 13.10 14.78 191.1 8,780 166,440 59.95 1725.7 1688.2 1423.8 10124 0630
40.03 25,65 1546,5 38% 21,33 3h7.3 3,430 182,150 67.09 1769.3 1727.8 1402.3 10124 1100
58.60 34,36 1576.2 0.647 17.2% 19.58 152.6 6,740 186,040 67.17 1772.3 1730.9 1359.6 10134 0730
I5.92 34,14 1576.2 0.810 16,05 17.11 205,5 4,910 177,300 65.54 1769.2 1728.9 1319.8 10134 0850
40.60 32.06 1561.3 0.880 16.56 17.58 261.2 3,510 167,590 62.35 1763.0 1725.2 1331.9 10134 1130
40.05 32.68 1563.5 0.926 13.87 15.25 206.2 L,620 178,090 63.63 1849.9 1693.4 1395.6 10164 1000

50.14 26.11 1538,9  26* 28.80 310.6 4,370 240,250 87.13 1847.6 1777.6 1405.6 10174 0230
290.6 34,00 1564.9 0.116 31.51 32.79 55.5 71,550 304,380 67.29 1808.4 1766.5 1486.2 1Gl24 2400
102.6 33,54 1563.2 0.186 29.24 30.40 57.8 7,070 223,690 67.90 1807.9 1765.7 1473.,5 10134 0200
108.1 33,29 1566.5 0.342 23.07 24,64 BB.3 6,230 198,170 67.52 1787.7 1745.7 1434.4 10134 Ohoo

75.3 34,09 1573,k 0.510 19.60 21,33 121.k 7,620 195,380 68.80 1777.8 1735.0 1393.5 10134 OS54k

102.6 34.92 1570.8 0.h24 28.92 29.76 115.8 6,210 22B,920 77.15 1840.6 1778.4 1467.2 10164 1500
80.8 35,01 1571.7 0.566 27.09 27.78 147.3 6,430 232,800 80.64F 1839.6 1774.7 1438.1 10164 1730
69.5 3h.14 1566.2 0.708 25.93 27.89 165.4 7,700 216,680 86.01 1842.3 1773.2 1423.2 10164 2030
61.3 33,02 1560.1 0.820 25.44 27.20 188.4 6,480 247,230 87.35 1842.7 1772.3 1418.2 10174 0030

¥FDegrees of vapor superheat at potassium exit.
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Gy

1650 <T

PKo

TKo

(o}
Ko <1750.F

16.70
15.78
17.26
17.26
17.24
17.25
17.25

32,79
33.26
32.17
22.79
31.70
33.51
36.03
33429
33.30

8.29
4,07
51,32
51.95
0.27
2
3788
50 65

88.56
315.1
136.6

84,5

62.0

1500 <TK

57.96
58.17
59.72
57.07
5776
59 17
58.80

56.15
27.8
54,68
Eu.ls
5.62
52,85
56 .06
56.73

58,22
55 59
55 26
53. 70
55-3
51,82
53.24
55432

56.90
59.43
59.06
58.71
57.30

1710.8
1709.4
1717.2
170%.9
1708.5
1715.h
1713.7

(o]
° < 1600°F

16.30
16.49
15.63
16.40
16,11
16.20
16.53
16.98

32.50
30104
32.43
32.47
32,46

32.40
22.17
33,17
32,25
33,26
31.11
32.31
32.71

32.40
28,33
28,67
29.01
28.15
29,04
32.71
27.96
30.83
28.76
28.06
27.90
32.71
2 .5
31.66
28.27

TABLE X

Overall and Average Results
0.67-inch ID Boiler Tube With No Insert
Countercurrent Sodium Flow, Test Plan A

Test Case IVa

=1
e "5} fig 9 Qp That
0.470 0.671 3,940 43,340 17.35 1744.1
0.860 0.189 2,910 73,600 28.27 1772.7
0,534  0.466 5,860 51,630 20.71 1762.8
0.624  0.075 5,820 60,170 23.65 1756.7
0.736 0.883 6,480 70,630 27.42 1770.5
0.786  1.b427 8,100 75,430 29.10 1780.5
0.826 1,117 6,810 79,040 30.41 1782.7
0.213 0,983 y, 930 41,710 18.16 1732.0
0.350 1,042 g, 0 68,360 27.34 1751.6
0.474 1.627 ,880 88,130 33,98 1766.8
0.634 1,847 11,460 118,900 44,14 1768.4
0.762 2,590 4,680 135,430 50.54 1795.0
0.735 2.916 1,140 u 520 51,10 1844.4
o.gl 3,454 5,020 g Eu.gh 1797.1
0.68 2,896 8,390 131 8.64 1815.4
0.758 2.749 4,650 143, 190 53,12 1840.4
0.428 4,805 10,380 151,090 55.12 1813.4
0.579 3.827 12,760 150,100 55.33 1804,0
0.195 1,693 5,430 61,720 24,70 1754.7

0.293 2.819 6,730 92,390 35.11 1763.1
0.449 3.965 8,280 133,540 49,06 1782,9
,561 13,240 173,870 62.90 1
0.693 5.962 6,460 202,210 T73.56 1
) 4,180 200,850 T4,B9 1854.1
0.617 5.085 8,360 182,670 65.29 1858.1

0.2908 6.145 11,630 168,130 59.04 1817.6

0.071 13,280 -30,750 242,720 59.47 1847.7-

0.218 10.120 10,740 202,990 &68.05 1857.0
0.387 8.221 10,930 204,160 71.88 1853.4
0.563 7.124 11,630 209,740 75.24 1847.9

0.170 16.612 6,290 184,980 67.76 1752.7
0.352  1.344 -25,090 34,050 13.06 1586.0
0.721 1.468 3,660 62,990 24,09 1625.2
0.794  0.911 4,300 72,860 27.55 1620.6
0.391 1.156 2,420 35,990 13.21 1614.7
0.686 1.560 3,060 62,900 1625.9
0.760 1.968 3,910 71,090 27.35 1640.8
0.806 2.900 6,020 77,830 29.78 1647.4

0.160  1.567 1,290 30,720 14.54 1607.2
0.249 1.551 1,760 47,710 20.26 1592.1
0.421 2.961 6,400 81,300 31.55 1605.0
0.564 3,191 10,570 108 570 b40.84 1620.6
0.713 4.386 12,290 136, ’610 50.59 1635.1
0.820 5,477 5,120 150,710 56.22 1673.2
0.068 20,097 12,010 189,180 67.31 1755.0
0.743 8.096 1,830 161,330 61.12 1737.6
0.727 5.620 2,440 134 880 51.55 1688.1
0.808 5.451 2,240 145,970 55.43 1696.1

5.570 2,610 148,430 56,01 1700.8
0.795 3.926 2,280 147,2&0 55.42 17244

6

L

5

0.753 .284 4,140 143,840 53,06 534 .5
0.753 333 860 135,390 51.97
0.765 .83l 4,730 145,460 53.84 1713. 1

.949 1,480 144,660 54.88 1759.7
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1802.5

1711.4
1577.2
1609.8
1603.2
1594 .4
1594.5
1606.1
1609.9

1597.4
1579.0
1585.1
1595.3
1604.1
1638.2
1713.9
1700.4
1669.9
1668.6
1655.1
1657.2
1647.6
1697.9
1646.3
1690.8

1520.4
1073 .4

1446.6
1371.1
1357.2
1368.9
1237.5
1277.6
1283.4
1269.9

1306.5

1287.7
1284.0
1296.2
1297.7
1301.6
1440.0
1329.3
1306.8
1300.8
1290.6
1298.8
1331.1
1287.1
1333.1
1322.3

Date

11144
11144
11174
11174
11174
11174
11174

. 10294

10254
10294
10254
10294
10254
10304
11184
11184

10304
10304
10304
10304
10304
10314
10314
11144
11184

10304
11144
11144
11144
11144

11014
11154
11154
11154
11164
11164
11164
11164

10314
10314
10314
10314
10314
11014
11014
11014
11014
11014
11024
11024
11024
11024
11174
11174

Time

0545
0200
0430
o545
1700
1900
2130
2245

1030
1400
1630
1900
2100
0030
o430
1730
2100
2330
0100
0230
1000
1230
0215
0345



48.28
50.07
49,51
48,91
1B,22
48.19
4o.u2
49,09
49,12
49,29
49.27
50.70

89.82

100.6

PKo

30.15
32,46
32.03
29.20

28.92

Tko

1547.2
1565.1
1560.2
1541.0
1544 .8
1539.0
1590.0
1561.1
1566.8
1552.1
1525,2
1555,2

1572.7
1583.1
1573.0
1573.9
1555.7
1558.0
1544.1
1551.9
1550.0
1560.2
1558.0

o]
[}
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TABLE X (Cont'd)

,\
>

Sae  w°

O OJ OV W= ~—

O\ Uy
WANAO WO OO

(0.4
=\

VWOV~ ANRNON =1 o

W =0
o F3
OR W

n =
\S2 e 1]
« s n
U1

(o Fo)

et

5,140

9

178,110
26,480
64,800
99,500

1%0, 360

147,700

174,530

161,870

179,120

176,460

187,280

203,270

204,170
185,460
33 ,480
285,010
273,200
265,810
257,400
388,260
337,540
337,640
317,130
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65.46
13,52
26.02
37.68

1863.7

,,,,,

1749.9
1738.9
1739.4
1800.5
1798.6
17945
1798,2

1426.8
1405.0
1419.9
1439.3
1439.1

Date

11014
11024
11034
11034
11034
11034
11034
11174
11174
11174
11174
11184

11014
11014
11154
11154
11154
11154
11154
11164
11164
11164
11164

Time

1400
2130
0030
0300
0430
0550
1000
0700
0830
0900
0905
1100

0800
1000
1230
1400
1730
1900
2100
0230
0400
0530
0700



Gk

Pxo

Txo

1650< Ty < 1750°F

16.68
16.64
16.76

233.07
33.03
33.03
33.02
32,81
32.38

58.74
61.82
52.40

51.98
52.49
52.35
52,01
53.19
51.79
49.67
58.02
57.99
57.10

56.55
57.13
59.60
52.68
53.02
54,71
54,13
55.63
54,31

55.72
57.91
54.88
59.58
59.09
58.48
59.06

TKo

1713.4
1725.1
168 .3

1703.9

1700.0
17034
1715.1
1684 .6
1685.0
1693.6
16901.8
1701.0
1692.3

1696.5
1706.1
1693,.2
1714.8
1712.2
1709.2
1712.2

< 1600°F

32,47
47.28

52.49

30.55
33.57
31.66
33.78
30.86

29,72
29.57
32.83
32.15
27.53
31.08
28.76
32,28
27.01
33.63
30.83
28.70
26.79

1549.0
1568,8
1555.3
1573.1
1552.6

1527.1
1526.4
1550.1
1544 ,2
1512.6
1541.2
1521.5
1562.5
1526.8
1578.7
1553.0
1539.4
1528.7

Overall and Average Results

TABLE XI

0.67-inch ID Boiller Tube With No Insert
Cocurrent Sodium Flow, Test Plan A

Test Case IVb

0.721
0.775

0,064
0.173
0.266
0.065
0.210
0.391
0.607

0.756
0.641

0.692
0.762
0.718

7.281

12,096
6.763
6.369

12.671

10.224
7.992
7.319

1.330

12,392

7,610
13,460
1,690

6,550
8,100
10,540
14,260
18,4400
15 »690

1,910
18 890
21, 360
1h $530

30,140
38,790
7,220
9,300
11,760
18,710
19,080
10,540
5,340

282,500
11,570
14, »iuo
TTs 830
12,630
14 760
17,700

3,330

145,330
141,560

152,710

217,690

187,810
150,480
150,030
189,750
187,710
193,980
215,850

44,500
68,520
86,040
62,440
49,150

46,340

57,900

94,920
110,340
141,180
150,080
155,690
174,920
174,170
138,010
139,610
138,410
139,180

l7g 160

65,740

84,960
118,540
177,410
194,820
212,680
221,540
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Qp

17.27
26.78
32.05

18.30
23.65
31,42
40,93
48.56

66.77
71.23
79.80

Nal

1743.7
1769.6
1780.9

1712.6

1722.9°

1735.8
1749.7

1843.9
1855.3

1587.9
1517.2
1611.8
1620.0
1598.1

1570.7
1577.5
1617.6
1623.8
1621.8
1690.4
1697.5
1712.6
1759.3
1685.4
1691.3
1698.2
1726.0

1706.5
1597.0
1610.7
1627.0
1652.8
1696.5
1727.3
1789.0
1766.4

Nao

1731.8
1752.0
1760.5

1700.4
1707.5
1715.8
1724,.2
1740.5
1743.6
1813,1
1767.5
1766.1
1762.3

1763.4
1762.2
1742.1
1726.8
1740.3
1767.2
1769.2
1792.0
1815.1

1791 .4
1782.3
1765.1
1811.2
1808.9
1800.2
1806.8

1576.1
1600.0,
1591.0'
180116

1585.5

1558.0
1562.3
1594.2
1597.3
1589.1
1654.7
1660.5
1672.2
1719.0
1642,.3
1625.5
1611.0
1593.7

1666.1
1585.9
1594.0
1606.3
1625.2
1656.3
1683.1
1739.3
1715.7

Ki

1460.2
1448.4
1434,.3

1409.6
1405.7
1407.9
1406.3
1425.9
1424.,0
1366.4
1397.1

1501.5
1458.0

1257.3
1256.0
1252.9
1364.5
1314.0

1270.1
1271.8
1259.4
1276.1
1255.5
1261.6
1284.7
1336.7
1364 .2
1298.0
1276.6
1298.3
1303.5

135}.H
1380.0
1380.7
1386.0
1385.9
1394.5
1382.5
1374.2
1303.5

Date

11134
211134
11134

11054
11054
11054
11054
11064
11064
11064
11064
11064
11064

11064
11064
11074
11074
11074
11074
11074
11074
11074

11064
11064
11064
11134
11134
11134
11134

11104
11104
11104

11114
11114

11044
11044
11054

11054
11054
11054
11054
11084
11084
11084
11084
11084
11084

11084
11094
11094
11004
11094
11094
11094
11104
11124

Time

0230
okoo
0700

1700
1900
2100
2230
0200
0300
0515
1800
1930
2100

1400
1530
0100
0230
oudo
0530
0700
1000
1130

0900
1030
1230
1030
1200
1300
1420

0815
1100
1230
023

osﬁg

2200
2330
0200
0320
0620
0970
1030
0300
0530
1500
1730
2000
2200

0130
0200
0400
0500

1830
2200
0100
0300



TABLE XTI (Cont'd)

(APB

) "
Ko o e b 9 Qp Tvar  Tvao ko Date  Time

PKO T

32,25 1552.7 0.226 21.696 8,670 256,090 88.88 1795.3 1741.3 1406.9 11114 1800
31.97 1554.8 0.316 18.591 7,650 237,930 85.47 1777.2 1725.4 1389.1 11114 2030
32.55 1561.4 0.427 15.676 9,210 236,510 85.87 1765.9 1713.8 1377.6 11114 2230
31.41 1555.1 0.538 13.902 8,580 234,900 86.32 1755.1 1702.6 1347.6 11124 0000
30.89 1550.6 0.624 12.771 5,580 226,180 84,34 1756.7 1705.3 1322.6 11124 0130
35.15 1568.7 0.130 27.080 12,200 302,190 95.15 1845.8 1788.2 1440,1 11124 1030
34,62 1568.2 0.269 27.552 7,810 302,610104,23 1855.3 1792.4 1439.0 11124 1200
32,49 1558.1 0.526 22.768 6,770 318,720 14.46 1846.8 1777.5 1426.9 11124 1315
36.49 1584,.8 0.408 23,914 12,700 321,750112.09 1851.1 1783.5 1466.1 11124 1545
32,06 1552.8 0,063 17.681 48,640 226,950 65,56 1748,4 1708,4 1422.5 11074 1730
30,95 1549.6 0.164 15,219 6,410 182,460 66.08 1733.1 1692.7 1397.5 11074 2000
31.38 1555.4 0.314 11.548 7,840 177,140 65.78 1714.2 1674.0 1358,7 11074 2230
31.57 1557:2 0.459 9.274 10,150 173,940 65.18 1700.6 1660.5 1319.6 11084 0000
33.20 1555.9 0.106 23.566 31,260 295,120 88.63 1808.4 1754.6 1412.2 11114 1500
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]
TABLE XII
Overall and Average Results
0.67-inch ID Boiler Tube With P/D = 6 Helix Insert
Countercurrent Sodium Flow, Test Plan B
Test Case IIIL
(apg) (&P —
Gg o Tko %o Bc):- B% $ fig g Q@  Tyaz  TNao Tky  Date  Time
650 < Ty, < 1750°F
09.1 54,1 1684.6 0.089 25,9 23.8 .7 12,210 196,880 52.0 1853.4 1820.,9 16 ]
53.5 54,7 1690.0 0.18 19-8 20.8 ng 11,670 179,900 26.8 1823.5 1813. 15%2:% ig%ﬁﬁ %88
07.5 54,1 1689.5 0.286 16.4 16.6 68.9 8,040 162,540 56.5 1835.9 1801.0 1518.8 10144 1200
71.7 57.2 1702.3 O.441 13.2 13.7 98.6 9,310 157,620 57.1 1836.0 1800.9 1k58.5 10144 1500
’12.3 57.3 1703.6 0.634 10.4 11.7 117.9 11,210 159,230 58.4 1831.0 1795.3 1422.8 10142 1300
"5.2 57.4 1702,0 0,757 9.3 10.9 125.2 12,590 161,470 59.4 1828.8 1792.4 1415.9 10144 2230
8.5 55.3 1695.8 0.879 8.4 9.8 141.9 12,270 158,080 58.5 1818.6 1782.0 1387.8 10154 0130
35.6 55.4 1697.6 0.990 8.8 8.9 164.5 5,310 160,630 59.9 1837.3 1800.7 1414.7 10154 0330
sh.6 37.3 1654.5 60* 15.5 341.1 1,670 148,660 55.9 1842.8 1808.4 1489.1 10104 2050
500 < Ty | < 1600°F
2.6 34.9 1570.8 0O.424 28,9 29.8 115.8 6,210 228,920 77.2 1840.6 1778.4 1467.2
30.8 35.0 1571.7 0.566 27.1 27.8 147.3 6,430 232,800 80.6 1839.6 1774.7 1435.1 %8%22 i??g
9.5 34.1 1566.2 0.708 25.9 27.9 165.4 7,700 246,680 86.0 1842.3 1773%.2 1423.2 10164 2030
1.3 33,0 1560.1 0.820 25.4 27.2 188.4 6,480 247,230 87.4 1842.7 1772.3 1418.2 10174  003C
?O'l 26.1 1538.9 26* 28,8 26.4 310.6 4,370 240,250 87.1 1847.6 1777.6 1405.6 10174 0230
h.7 17.0 1632.8 211* 34,5 9.5 483.9 2,080 218,860 81.8 1869.7 1803.5 1339.5 10174  O4OO
0.6 34,0 1564.9 0.116 31.5 32.8 55.5 -71,550 304,380 67.3 1808.4 1766.5 1486.2
3%-6 33.5 1563.2 0,186 29.2 30.4 57.8 7,070 223,690 67.9 1807.9 1765.? 1473,5 :{Si%ﬁ 5388
) .1 32.3 1566.5 0,342 23,1 24.6 88.3 6,230 198,170 67.5 1787.7 1745.7 1434.4 10134  ouoo
2.3 4.1 1573.4 0.510 19.6 21.3 121.%4 7,620 195,380 68.8 1777.8 1735.0 1393.5 10134 0544
’ .6 3H.4 1576.2 0.647 17.2 19.6 152.6 6,740 186,040 67.2 1772.3 1730.9 1359.6 10134 0730
;5.9 34,1 1576.2 0.810 16.1 17.4 205.5 4,910 177,300 65.5 1769.2 1728.9 1319.8 10134 0850
10.6 32,1 1561.3 0.880 16.6 17.6 261.2 3,510 167,590 62.4 1763.0 1725.2 1331.9 10134  11%0

*Degrees of Vapor Superheat at Potassium Exit
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Gg

PKo

TKo

(o]
1650 <TKo < 1750°F

=\

FUl SOouH
Foo RO
-

HOUOY D OUTOW

36.0

59.4
59.1
58.7
573
53.2

56.9
58,2
57.6
52.9

1712.6
1713.4
1710.9
1704.,9
1687.3

1701.4
1709.4
1704.6
1681.7

(o]
1500 < Ty <1600°F

252.7

33.0
31.8
32.7
31.9

35.4
35.3
32.0
31.7
29.7

2.7
32.4
34,0
3545
30.2

1551.9
1550.,0
1560.2
1558.0

1573.0
1573.9
1555.7
1558.0
1544.,1

1554.8
1558.3
1572.7
1583.1
1547.2

0.474
0.623

TABLE XIII

Overall and Average Results
0.67-inch ID Boiler Tube With No Insert
Countercurrent Sodium Flow, Test Plan B

-30,750
101729
10,930
11,630

4’180

11,630
10,380
12,760

5,020

12,010
6,290

4,340

Test Case"IVa

B

242 720
202,990
204,460
209,740
200,850

168,130
151,090
150,100
146,770

388,260
337,540
337,640
317,130

338,480
285,010
273,300
265,810
257,400

189,180
184,980
204,170
185,460
178,110
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1847,
185;.
1853.4
1847.9
1854.,1

1817.6
1813.4
1804 .0
1797.1

1864.2
1862.9
1860.9
1863.7

1833.2
18%0.8
1805.4
1794.1
1794,8

1811.
1815.
1810.0

1802.5
1808.8

1781.1
1770.2
1763.5

1800.5
1798.6
1794.5
1798.2

1778.8
17754
1749.9
1738.9
1739.4
1713.9
1711.4
1701.0
1691.9
1676.5

1426.8

1440.0
1446.6
1425,1
1414.6
1%66.0

(425)g

[

WWHWFEO OV OOoW

F OO WHD W

30.2
28.3
25,7
23,4

25.5
22,1
20,1
17.2
6.0

20.1

16.€

11.6
8.6
8.

Dete

11144
11144
11144
11144
11144

10304
10304
10304
10304

11164
11164
11164
11164

11154
11154
11154
11154
11154

11014
11014
11014
11014
11014

Time

1200
1400
1530
1700
1830

0830
1030
1130
1330

0230
0400
0530
0700

1230
1400
1730
1900
2100

o430
o545
0800
1000
1400



Gx

1650 < Ty < 1750°F

320.2 55.7 1696.5
132.6 57.9 1706.1
89.8 54.9 1693.2
58.1 56.6 1700.0
43,1 57.1 1703.4
36.8 58.0 1709.1
32,8 58.0 1708.8
28.9 57.1 1703.9
]
1500 < Ty 1600°F
284.6 33.2 1555.9
158.7 32.3 1552.7
114.5 32.0 1554.8
88.0 32.6 1561.4
71.2 31.4 1555.1
60.5 30.9 1550.6
52.5 29.0 1536.8
323%,1 32.1 1552.8
156.6 31.0 1549.6
88.5 31.4 1555.4
61.9 31.6 1557.2
47.3 33,7 1572.8
39.0 32.3 1562.5
344 27,0 1526.8

0.064
0.173
0.266
0.440
0.607
0,697
0.788
0.877

TABIE XIV

Overall and Average Results
0.67-inch ID Boller Tybe With No Insert
Cocurrent Sodilum Flow, Test Plan B

Test Case IVb

-
by 9 Qp  Tyai Nao

282,500 187,810 56.6 1826.3 1791.4 1600.4
11,570 150,480 54.6 1816.2 1782.3 1563.4
14,440 150,030 55.9 1799.5 1765.1 1493.,4
30,140 152,710 57.6 1799.1 1763.4 1432.8
38,790 151,720 57.8 1797.7 1762.2 1383.6
18,890 145,640 55.4 1801.7 1767.5 1397.1
21,360 145,330 55,2 1800.1 1766.1 1395.1
14,530 141,560 53%.9 1795.6 1762.3 1378.6

1808.4 1754.6 1412.2
1795.3 1741.3% 1406.9
1777.2 1725.4 1389.1
1765.9 1713.8 1377.6
1755.1 1702.6 1347.6
1756.7 1705.3 1322.6

31,260 295,120 6
9
5
9
%
6 1766.4 1715.7 1303.5
6
1
8
2
7
7
9

8
8,670 256,090 8
7,650 237,930 8
9,210 236,510 8
8,580 234,900 8
5,580 226,180
3,330 221,540 8

1748.4 1708.4 1k22.5
1733.1 1692.7 1397.5
1714,2 1674.0 1358.7
1700.6 1660.5 1319.6
1706.5 1666.1 1373.4
1712.6 1672.2 1336.7
1759.3 1719.0 1364.2

48,640 226,950 6
6,410 182,460 6
7,840 177,140 6
10,150 173,940 65.
11,410 177,160 6
5,390 174,920 6
1,570 174,170 6
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AP O E@H

Date

11064
11064
11064
11064
11064
11064
11064
11064

11114
11114
11114
11114
11124
11124
11124

11074
11074
11074
11084
11084
11084
11084

Time

0900
1030
12%0
1400
15%0
1800
1930
2100

1500
1800
2030
2230
0000
0130
0302

1730
2000
2230
0000
0130
0300
0530



Test

Test

Test

Case I:

Date

05274
05274
07014
07014

Case II:

Date

07254
07254
07254
07284
07284
07284
07284

Case III:

Date

10104
10114
10124
10124
10124
10124
10174

TABLE XV

Critical Heat Flux Results

0.92-inch ID Boiler Tube With P/D = 2.2 Helix Insert,
Countercurrent Sodium Flow

Time Gk TKc X, q, aRC
0005 18.8 1655.0 0.839 412,500 116.7
0020 16.4 1624.0 0.827 532,300 96.2
2120 16.1 1541.3 0.664 285,600 80.3
2130 16.0 1550.5 0.680 340,100 81.6

0.92-inch ID Boiler Tube With P/D = 6 Helix Insert,
Countercurrent Sodium Flow

14

Time G T X q a

K Kc c c Rc
0100 19.1 1674.5 0.864 386,150 15.8
0120 19.1 1675.0 0.727 401,500 11.2
0145 18.1 1637.7 0.667 457,900 9.6
0017 37.1 1563.2 0.793 341,700 74.2
0100 33.5 1563.5 0.739 437,400 52.5
1740 19.8 1543.5 0.722 269,100 18.9
1845 18.4 1521.9 0.788 438,300 21.0

0.67-inch ID Boiler Tube With P/D = 6 Helix Insert,
Countercurrent Sodium Flow

. 11
Time GK TKc xc qc aRc
2150 38.6 1686, 2 0.758 298,900 65.3
0230 40.5 1686.7 0.736 395,000 67.8
0800 34.1 1603.7 0.759 261,400 68.4
1200 38.1 1615.2 0.801 287,100 90.7
1220 38.0 1618.6 0.731 302,600 74.5
1240 37.0 1615.7 0.709 277,500 66.9
0400 44,7 1655.0 0.696 446,200 82.4
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Test Case IVa:

Test

Date

10294
10304
10314
11014
11014
11014
11014
11024
11024
11144
11154
11164
11174
11174
11174
11174
11184
11184

Case IVk:

Date

11054
11054
11064
11074
11084
11104
11124

TABLE XV (Cont'd)

Countercurrent Sodium Flow

Time GK
1130 31.7
1330 36.0
0300 50.6
0030 31.7
1730 38.0
2100 32.5
2330 31.7
0100 32.4
0230 32.1
1830 47.9
2100 73.0
0700 100.86
0215 32.6
0345 32.6
0900 49.3
G905 49.3
0215 33.3
1000 50.8

0.67-inch

Cccurirent

Time

0930
1030
0515
1130
0530
0100
0300

Gk

29.9
35.6
32.8
49.8
34.4
48.8
52.5

1694.8
1688.9
1690.9
1556.3
1569.4
1576.6
1562.0
1555.5
1553.4
1702.7
1597.2
1643.2
1566.8
1558.9
1563.0
1554.1
1705.0
1630.7

ID Boiler Tube With No Insert,

Sodium Flow

TKc
1573.4
1558.5
1677.1
1703.5
1563.5
1584.1
1583.1

X
Cc

0.533
0.602
0.540
0.670
0.562
0.556
0.557
0.548
0.632
0.505
0.486
0.398
0.708
0.607
0.549
0.524
0.617
0.500

0. 686
0.559
0.703
0.687
0.597
0.585
0.576
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0.67-inch ID Boiler Tube With No Insert,

"
[+]

187,000
193,200
269,800
221,950
427,000
275,900
341,700
244,900
280,700
274,100
355,100
428,600
221,000
370,000
295,000
360,800
191,100
377,700

ft

178,600
200, 300
210,400
219,600
269,400
287,500
235,300

©
=
(o]

o

o000 0COO0OX

OC000CO0O0O0O0OO0OO0OO0OO00O0O0O0OOO

(2]



Test Case I: 0.92-inch ID Boiler Tube With P/D = 2.2 Helix

Date

05274
05274
07014
07014

Test Case

Date

07254
07254
07254
07284
07284
07284
07284

Test Case

Date

10104
10114
10124
10124
10124
10124
10174

TABLE XVI

Transition Boiling Heat Transfer Coefficients

Insert, Countercurrent Sodium Flow

Time

0005
0020
2120
2130

GK
18.8
16.4
16.1
16.0

T

1677.5
1654.3
1523.4
1525.8

*B
0.920
0.914
0.832
0.840

A:I‘TB
174
215
121
153

h
TB
279
175
650
359

II: 0.92-inch ID Boiler Tube With P/D = Helix
Insert, Countercurrent Sodium Flow

Time

0100
0120
0145
0017
0lo0
1740
1845

III:

G

19.1
19.1
18.1
37.1
33.5
19.8
18.4

TKTB

1680.0
1682.8
1649.9
1541.0
1551.5
1527.4
1512.2

*rB

0.932
0.864
0.833
0.897
0.869
0.861
0.894

ATTB

161
154
201

77
205
137
230

Insert, Countercurrent Sodium Flow

Time

2150
0230
0800
1200
1220
1240
0400

Gk

38.6
40.5
34.1
38.1
38.0
37.0
44.7

TKTB

1669.6
1664.2
1582.4
1576.4
1590.7
1587.1
1621.1

*B

0.879
0.868
0.880
0.901
0.866
0.855
0.848
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Cﬂ&B

115
136
107
139
104

96
154

hTB

177
334
267
3966
699
596
174

0.67-inch ID Boiler Tube With P/D = 6 Helix

TB

842
743
1215
678
1326
1690
989

RTB

140.0
117.2
125.9
124.5

18.4
15.7
15.1
94.8
72.7
27.0
27.0

87.8
94.3
91.9
114.8
104.6
97.3
122.3



TABLE XVI (Cont'd)

Test Case IVa: 0.67-inch ID Boiler Tube With No Insert,
Countercurrent Sodium Flow

Date Time GK TKTB XTB ATTB hTB aRTB
10294 1130 31.7 1691.1 0.648 58 1736 (o]
10304 1330 36.0 1685.3 0.659 66 1612 (0]
10314 0300 50.6 1685.4 0.617 75 2136 (o]
11014 0030 31.7 1550.0 0.745 78 1259 (4]
11014 1730 38.0 1551.9 0. 652 155 385 (0]
11014 2100 32.5 1566.2 0.641 98 565 0
11014 2330 31.7 1551.0 0.683 112 612 0
11024 0100 32.4 1545.4 0.671 106 884 0
11024 0230 32.1 1543.0 0.713 142 471 (o}
11144 1830 47.9 1695.0 0.616 240 1695 0
11154 2100 73.0 1570.6 0.532 120 1952 (¢]
11164 0700 100.6 1600.6 0.444 127 2394 0
11174 0215 32.6 1563.9 0.736 98 1034 0
11174 0345 32.6 1547.7 0.693 178 292 0
11174 0900 49.3 1557.5 0.576 158 474 (o}
11174 0905 49,3 1539.6 0.586 183 462 (o]
11184 0215 33.3 1703.5 0.688 63 2305 0
11184 1000 50.8 1618.4 0.591 172 608 0

Test Case IVb: 0.67-inch ID Boiler Tube With No Insert,
Cocurrent Sodium Flow

Date Time GK TKTB xTB ATTB hTB aRTB
11054 0930 29.9 1557.2 0.784 63 1428 0
11054 1030 35.6 1540.0 0.661 85 1115 0
11064 0515 32.8 1673.7 0.800 109 750 (o]
11074 1130 49.8 1697.9 0.731 66 1957 o]
11084 0530 34.4 1545.2 0.749 137 749 (o]
11104 0100 48.8 1559.1 0.673 136 849 0
11124 0300 52.5 1559.9 0.647 83 2183 (o]
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-8v1-

Tube

I1.D.
Date Time inches
05274 0005 0.92
05274 0020 0.92
07014 2120 0.92
10114 0230 0.67
10124 0800 0.67
10124 1220 0.67
10124 1240 0.67
10174 0400 0.67

Insert
P/D

2.2
2.2

P R
[« NeNeoNeNe

TABLE XVII

Superheated Vapor Results

h
G SH

TgSH Esﬂ Agy ) g LSH (experlmegtal)

F F Btu/(hr-ft") 1lb/ft -sec inches Btu/(hr-ft -°F)
1638.8 54 6,620 18.8 22.5 33.4
1671.7 215 28,170 16.4 24.5 200.8
1552.4 141 20,920 16.1 17.5 173.9
1649.1 55 7,050 40.5 10.5 34.7
1576.6 133 8,850 34.1 13.8 49,1
1569.7 119 4,190 38.0 14.5 20.9
1572.0 150 6,810 37.0 16.5 34.4
1610.0 211 14,480 44.7 15.5 57.4



APPENDIX C

Derivation of Helix Equations

Definition of Helix

The cylindrical helix is the path of a point which moves around the
surface of a right circular cylinder with a constant angular velocity w and
at the same time moves parallel to the axis of the cylinder with a constant
linear or axial velocity Va. The pitch (P) of the helix is the axial distance

traveled for an angular displacement of 217 radians. -

Derivation of Helical Path Length and Helical Velocity:

zZ

P
(x,y,2) — —‘~\‘
y ="
o
/

/

/

’/; Sketch (a)

Sketch (a) above illustrates the helical path. From the drawing, the
co-ordinates x, y and z are given as follows in terms of the angular displace-

ment 9 the time t and the helix diameter D:
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D/2 cos 9 (c1)

X =

y = /2 sin B (c2)
z =Vt : (c3)
6 - wt (co)

From equations (3) and (4):
t = z/Va =0/w (Cc5)

The arc length s along a three dimensional curve is given as follows:

N

s = J de" + dy2 + dz2 ce)

In terms of the parameter 6 s

s = (dxz dy2 v:lz21~
- @) +(@) +(@) af (c?

From equations (Cl) and (C2):

dx

D " p/2 sin O (c8)

%é = D/2 cos 9 (c9)
2 2 2
(%) + G =2 10 @ 4 cos® @) = 0%/a (c10)

From equation (C5)

(Cl1)

il<
[~
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in the time required for 24T angular displacement, an axial length

z = P is traveled, therefore from equation (C5):

21TV \'
a a P
P = —w_, or ;v-— = E?'I’ (Clz)
From equations (Cll) and (Cl1l2):
% = p/2T (c13)

Combining equations (C7), (C8), (C9) and (C13) to obtain the helical
path length LH:

= LH (c14)

Upon integrating equation (C14) over the angular displacement O to 21T
radians, and recognizing that the axial length L traversed for a 217 angular

displacement is P, we obtain:

by Iy ., 2

The helical velocity VH is obtained by dividing the helical path length
for 21T revolutions by the time required by 2 77 revolutions as follows, using

equations (C5) and (Cl15):

2
® \/1.+ >

Iy

Vo "2 < @V (c16)
—w a

v 3

H -\/ I
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Tangential Velocity:

In the time P/Va required for 297 revolutions, a circumferential distance
of qTD is traversed. The circumferential or tangential component of the

helical velocity VT is therefore given as follows:

v, = }'{7;3_ (Cc18)
a
VY, = 1%:2 (C19)

Axial Flow Area and Equivalent Diameter:

The axial flow area AF perpendicular to the axis of a tube containing
a helical insert is given as follows, where Di is the tube inside diameter,

Dr.h the helix centerbody diameter and Aﬁ is the thickness of the tape wound

around the centerbody.

DL -D
oo T [orong]- el

.0

The wetted perimeter Pw encountered by the axial flow is as follows:

P, = TT(D; + D) +D, -D, - 25 (c21)

The equivalent diameter, De’ of the tube containing helical insert

is obtained as follows from the flow area and wetted perimeter:

2
ch ZAT 1 cb
D, 1 - (Er—) - jﬁ:‘(ﬁ- - 2)
4AF i i D1
De =P ° D ZAT (c22)
v 1+ L + (1 - L —_—) L
D1 Di D1 qr

Neglecting the tape width AT, equation (C23) following is obtained:
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e
.

2

D
cb

1 - (=)
i

De/Di = D ) (c23)
1+ cb l Qa - cb)
Di 17T Di

Radial Acceleration Developed by the Insert:

A parameter of interest in the analysis of the experimental boiling
data is the radial acceleration developed by the insert in two phase flow
in the thin liquid film at the tube wall. An expression for this radial
acceleration aR, expressed as a multiple of the standard gravitational
acceleration g, is obtained as follows. Assuming that the liquid fraction
in two phase potassium flow occupies a negligible fraction of the flow areax*,
the axial vapor velocity Vag is given by equation (C24) in terms of the

total mass flow rate W, or axial mass velocity Ga:
vV = P_- = P— (c24)
a8 g AF €

Using the ratio of vapor to liquid velocities K and equation (C19),
the tangential liquid velocity at the tube wall VfT is obtained as follows:

v - Vag qTDi _ xGa 1TD1 (2%
fT ~ K P ‘ng P

The radial acceleration aR in the liquid film at the tube wall is the
square of the fhngential velocity divided by the radius, as follows:
.2 2
a = EXEI - 2 (XGa 1121) (c26)
R~ Dig - Dig FZK P

* If the liquid fraction is not neglected, equation C24 is modified by
substitution of (x/el) for x in equation €24, where o is the void fraction.
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APPENDIX D

Correlation of Single-Phase Pressure Drop and Heat
" Transfer With Inserts

It is useful in the analysis and evaluation of the boiling potassium
heat transfer and pressure loss data obtained from the experiments to
compare the two-phase results with the corresponding single-phase values.
In order to do this, methods for prediction of the single phase pressure
drop and vapor phase heat transfer coefficients in tubes containing helical

inserts were sought.

Gambill (Reference 33) has assembled single-phase heat transfer gnd
pressure drop data for flow in tubes containing twisted tapes, and has found
that the friction factors obtained under these conditions could be correlated
within approximately + 20% by employing the equivalent diameter and maximum
helical path length and velocity in the calculation of the friction factors

and Reynolds Numbers.

This procedure was employed in an attempt to correlate the water pressure
drop data presented in Figure 31 of this report for the flow of water in tubes
containing helical inserts. The data obtained by Greene (Reference 33) with

tubes containing helical inserts were also treated.

Figure 41 shows the friction factor data of Greene together with the data
obtained in the present investigation. The experimental data are represented
by smooth curves in Figure 41 for ease of comparison. Figure 42 compares this
data with the prediction obtained by use of the helical velocities and lengths
(VH and LH) together with the equivalent diameter (De)' The definitions of
these quantities, based upon the derivations given in Appendix C, are given by
the following equations along with the equations for the equivalent friction

factor fe and the equivalent Reynplds Number (NRe) )
e
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(p1)

LH (D2)
2
D
b, |1+ GD
D = 1
e ) D (D3)
14+ cb 1 Qa - cb)
D [ D,
1 1
£ - —OP ” (D4)
_L_H t 'n
De 2gc
o v, p
N, ) =-H'f (D5)

Re e /a¥

It can be seen from Figure 42 that the single-phase pressure drop data
are correlated to the empirical expression for smooth tubes quite well through
use of equations D1 - D5, with the exception of the data obtained by Greene
for the very tight twist ratio P/D = 0.56. The recommended correlation, which
is the smooth tube equation (Reference 47), is given below. It should be
noted that the friction factors employed in Reference 47 are the Fanning
friction factors, which are smaller by a factor of four than the Darcy-Weisbach
friction factor utilized in Equation (D6).

£ = %ili}— (D6)

NRe)
e

A plot of the ratio of experimental to predicted friction factor,

employing Equation (D6), is shown in Figure 43, where the maximum, minimum
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and average ratios are given as a function of P/D. The analytical technique
described is seen to be valid within approximately 20% in the range 1<P/D < 6.
At P/D = 0.56 the friction factor is apparently over-estimated.

Additional, more recent single-phase friction factor data for water
flowing in tubes with helical inserts (P/D = 2) are reported by Bond
(Reference 60). This data is also correlated reasonably well by Equation D6

using the helical flow parameters (Reference 60).

Greene also measured the single-phase heat transfer coefficient in his
experiments with helical inserts. The data of Greene, (Reference 33), are

plotted in Figure 44 as the swirl flow Nusselt Number (NNu ) divided by the
i
cube root of the Prandtl Number (NPr) versus the Reynollds Number (NRe ), the

dimensionless groups being based upon the axial velocity Va and the tube inside
diameter Di. The prediction of the Colburn equation (Reference 47) for smooth

tubes is shown for comparison.

Figure 45 shows the correlation of heat transfer data by use of the
helical velocities and lengths (VH and LH) together with the equivalent diameter
(De). Equations (D1), (D2), (D3), and (D5) were employed, as in the correlation
of the single-phase pressure drop data, for VH’ LH and (NRe) respectively.
e

Equation (D7), following, defines the equivalent Nusselt Number (NNu) that

e
was used.

e
(NNu) . = (D7)

It can be seen from Figure 45 that the experimental heat transfer data
correlate among themselves quite well with the approach employed, but the
agreement with the smooth tube prediction is not as good as was obtained in
the single-phase friction factor correlation. An empirical line, shown in

Figure 45, was drawn through the correlated values. This line is recommended
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for the prediction of single-phase heat transfer coefficients in:tubes
containing helical inserts. The correlation is recommended for fluids

having Prandtl Numbers within an order of magnitude of the water test data
used in the derivation; that is, a Prandtl Number within an order of magnitude
of 1.0. The equation for the empirical single-phase heat transfer correlation

is given as follows:

0.563 1/3
(NN“)e = 0.359 (NRee) (Npr) (D8)

Equation D8 was derived to provide a means for the prediction of the
heat transfer coefficient for potassium vapor flowing in tubes containing
helical inserts. Gambill (Reference 33) points out that heat transfer
coefficients obtained with vortex generator inserts are different with liquids
than with gases due to differences in natural circulation effects caused by
the radial acceleration developed by the inserts, Because of this, there may
be some error in the heat transfer coefficients calculated using equation D8
for potassium vapor in helical flow. Unfortunately, no heat transfer data
for gases in tubes containing helical inserts with the twist ratios of interest

could be found in the literature.
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APPENDIX E

Thermal Design Procedures For "Once-Through" Forced

Convection Potassium Boilers

The local and average thermal design procedures, given in this Appendix,
require fixed values of the following parameters for each thermal design

point calculated:

Total Thermal Power

Potassium Inlet Temperature

Potassium Exit Temperature and Pressure
Primary Fluid Inlet Temperature

Primary Fluid Temperature Change (or Flow Rate)
Boiler Tube Diameter and Wall Thickness

Number of Tubes and Tube Material

Tube Spacing

Insert Twist Ratio and Configuration

For each set of fixed parameters, the boiler tube length required to
meet the specified conditions is provided by the thermal design calculational
procedures. Each fixed variable can be studied parametrically to determine
its effect upon the required tube length and resulting boiler weight, thereby
providing information which can be used with similar information from other
components of a space power system for optimization of the system. The insert
twist ratio is almost entirely determined by the boiler specifications alone,
since the relatively small variations in boiler pressure drop in the working
fluid caused by changes in twist ratio have little effect upon the system.
The optimum boiler tube diameter and number of tubes are partially determined
by boiler weight and reliability considerations and also partially determined
by system requirements regarding boiler shape. The tube spacing is set by
boiler weight and the system weight penalties paid for primary fluid boiler

pressure drop. The primary fluid temperature change is determined by an
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optimization of the reactor and boiler pressure losses in relation to
their weights with respect to the weight and power requirements of the
primary pump. The primary fluid boiler inlet temperature is determined

by the reactor temperature limitations.

Local Thermal Design Procedure

A local calculational procedure, proceeding from the known conditions
at the potassium exit end of the boiler, provides the local temperature
distributions in both the primary and secondary fluids, the local heat flux
distribution and the required tube length for the specified operating
conditions. This is accomplished through a solution of general thermal and
hydraulic equations over successive increments (Az) of the tube length.

The length of the increments can be set according to the accuracy required.
Positive length along the boiler tube (2) is in the direction of potassium
flow and heat added to the potassium is taken as positive. The incremental
change (A) in a parameter is the potassium downstream value minus the upstream
value. The subscript (i) denotes upstream values and the subscript (i + 1)
denotes downstream values. Parameters without subscripts are averaged over

the length increment. The general equations are as follows:

HEAT TRANSFER

I

q"” U (Tp -T) (EL)

B

o 1T Di Nz (E2)

PRESSURE LOSS

APK = APKM + APKF (E3)
dTK
ATK = APK Eﬁ; (E4)
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daT

dPK

The parameter is the derivative of temperature with respect to
sat
the pressure for the potassium in thermodynamic equilibrium at saturation.

Equation (E4) is used only in two-phase regions.

ENERGY BALANCE

M
ATp = W (ES)
P P
-2
Y
_ W K “Kf ~ 23g_
nx o (E6)
tg
AT, = W—Ag——— (E7)
K “Kf
AT, = W—Mé—— (E8)
K Kg

Equation (E7) is used only in the subcooled liquid region and Equation (ES8)

is used only in the superheated vapor region.

The overall heat transfer coefficient U is given as follows in terms of
the primary fluid heat transfer coefficient (hp), the boiler tube thermal

conductivity (kw) and the potassium heat transfer coefficient (hk):

-1

D, In| —
1 . i Di . l_
2k h

w k

(E9)

UI =i
o]

h
P
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The prediction of Dwyer and Tu (Reference 54) given following, is
recommended for computation of the primary fluid heat transfer coefficient

under conditions of parallel flow in tube bundles.

h

D
_P-l.(_eﬁ = 0.93 + 10.81 (P/D), - 2.0l (p/D)f + .0252 (P/D) (N
o

0.8
Pe’ (E10)
p

The potassium heat transfer coefficient and the expressions for the
potassium pressure drop are different for the various regions of the boiler
tube. In the superheated vapor region, the recommended prediction for the
heat transfer coefficient is given by equation (El1l), which is derived from

available single phase helical insert heat transfer data in Appendix D.

.563
h_ D p v. £ 1%
R - (E11)

There is a momentum pressure loss in the superheated vapor region due to

density change, as given following:

2
APMSH =~ %—f—{] A (;—g) (E12)

The following prediction, derived in Appendix D from water pressure drop
data with inserts, is recommended for calculation of the frictional pressure

loss in the superheated vapor region.

) 2 3
(G.) LH
Nz K
AP, =~ f — . e (=) (E13)
FSH eg De 2/2 g, L

The friction factor fe is defined in Appendix D.
The potassium heat transfer coefficient in the transition boiling region

can be calculated from the correlation developed from the experimental data

in Section V as follows:
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The nucleate boiling coefficient is indicated by the available data
to be large and thus is a small portion of the thermal resistance in the
nucleate boiling region. Therefore, it can be taken as constant with little
error. A value of the nucleate boiling heat transfer coefficient (hNB) of
10,000 Btu/(hr—ft2-°F) was assumed for the example boiler design presented

in this report.

The expressions recommended for the computation of the boiling pressure
losses. are the same for both the nucleate boiling region and the transition
boiling region. The frictional pressure drop in both regions is given by
equation (E15), where @ is the local two-phase frictional pressure gradient
multiplier, obtained from the curves shown in Figure 2 at the local temperature

and quality.

2 3
AP = - f Lz (GK) (fﬂ) @ (E15)
FTP ef De 2 Ff gc L

The momentum pressure loss in both the nucleate and transition boiling regions

is given by equation (E16), which is derived in Reference 11 from the analysis

of Converse (Reference 6). It is recommended that the square root of the fluid-
to-vapor density ratio be used for the slip ratio (K), since this was the procedure
employed in the reduction of the experimental two-phase pressure loss data

presented in Section V.

2
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1 g X
AP = - ——— 1+x(K-1) - - + (1-x) + = K-1 (E16)
MTP /ﬁg gc K /9f F& K
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At the present there is no prediction available for thé liquid potassium
heat transfer coefficient applicabie to a tube containing a helical insert.
As discussed previously, however, the magnitude of the liquid potassium heat
transfer coefficient has very little influence on the size of a once-through
boiler, due to the small fraction of the total power transferred in the liquid
region and the large temperature differences available in the region. An
approximate prediction of the liquid coefficient magnitude is therefore
satisfactory. The equation given by Rohsenow (Reference 57) for liquid metal
heat transfer coefficients without inserts is recommended. The work of Stein
(Reference 59), however, indicates that liquid metal heat transfer coefficients
considerably lower than predicted by equation (E17), or other relations, can
be obtained under certain conditions in a two-fluid heat exchanger. Stein's
analysis should be considered if the length of the liquid region in a particular
boiler design is significant, which is not usually the case for once-through
boilers with saturated or superheated vapor conditions at the exit. Rohsenow's

equation is:

0.793 41.8
e

= 6.7 + 0.0041 (NPe) (Npr) (E17)

f i f

It is pointed out that the value of the liquid heat transfer coefficient
can be increased significantly, if necessary, by employing tubular inserts in
the subcooled heating region in order to form an annulus. The proper diameter
(De) to use in equation (E17) for an annulus is the equivalent diameter of
the annulus, which is twice the annular gap. As can be seen from equation (E17),
reduction of the annular gap in such an arrangement increases the liquid heat

transfer coefficient.

The pressure drop in the subcooled liquid region does not significantly
affect the thermal design. If desired, the liquid pressure drop may be computed
from equation (E13), employing liquid rather than vapor properties. The

momentum pressure drop in the liquid region may be neglected.
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The local calculational procedure yields local heat fluxes, local
potassium temperature and pressure and local potassium vapor quality as a
function of distance along the boiler tube. The change from the heat
transfer and pressure loss equations applicable to the superheated vapor
region to those appropriate for the transition boiling region is made when
the calculated local potassium vapor quality is 1.0.

The change from use of the transition boiling heat transfer coefficient
to use of the nucleate boiling heat transfer coefficient is made when the local
heat flux is equal to the critical heat flux calculated from the local quality
with equation (E18) following, which is the critical heat flux correlation

established from the experimental potassium data in Section V.

)
S e A T

. =

Btu (E18)
14+ 2 (=) " hr-ft2
+ l-x

The equations appropriate to the subcooled heating region are substituted
for the equations appropriate to the nucleate boiling region when the local
vapor quality is equal to 0. The thermal design calculations for a particular
case are completed when the local potassium temperature yielded by the

incremental calculations in the subcooled heating region is equal to the specified

.potassium temperature at the boiler inlet. The total boiler length is the sum

of the incremental lengths Az.

Design Procedure Employing Average Parameters

- The average potassium heat transfer coefficients and pressure drop
multipliers can be employed for boiler designs having tube lengths, tube material
and wall thickness, primary fluids, boiling pressure losses and helical inserts
different from those tested if reasonable judgement is employed. It is recommended

that the radial acceleration developed by the insert be employed to generalize the
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average heat transfer coefficients, since this parameter is indicated to be
significant with respect to the local data obtained. This implies tighter insert
twist ratios at low mass velocities and higher boiling temperatures, since the
radial acceleration decreases both with decreasing mass velocity and increasing
temperature. Figure 46 shows the average boiling heat transfer coefficients at
100% potassium exit quality (obtained from Figures 18, 20, 21, 22 and the
additional data in Appendix B) plotted versus the radial acceleration developed
by the inserts utilized. An exact correlation is not obtained, since the heat
transfer coefficient plotted is averaged over the nucleate and transition boiling
regions, which are affected differently by the various variables. Trends with
temperature, insert twist ratio and tube diameter are indicated in the data, as
discussed in Section V; thus a design line closest to the conditions of a
specific application should be selected. Above an acceleration of 80 g's
howevér, the data lie between approximate values of 3,000 Btu/(hr—ft2—°F) and
6,000 Btu/(hr—ft2-°F) for the average coefficient, which is within + 33% of a
mean value of 4,500 Btu/(hr-ft2-°F), as indicated by the design range shown

in Figure 46.

Figure 46, is recommended, in conjunction with the integrated Martinelli
two-phase frictional pressure drop multipliers of Figure 33, for calculation of
the length required in the O to 100% vapor quality region of a once-through
boiler. The superheat and liquid regions of the boiler can be sized separately,
employing conventional single phase design procedures. The same general
equations employed in the local design procedure are applicable, except they
are applied over three increments: the subcooled heating length, the 0-100%
quality boiling length, and the vapor superheating length. The average boiling
potassium heat transfer coefficients and integrated Martinelli friction pressure
loss multipliers are used in the boiling region; the equations in the subcooled

heating and superheated vapor regions remain the same as in the local design

procedure.
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The design procedure based upon the average heat transfer coefficient
is less complex than the local procedure but is also more limited. 1In
particular, it should not be .employed at average boiling heat fluxes above
those obtained experimentally, approximately 200,000 Btu/(hr—ftz) at the
conditions represented by Figure 46. Application of the average boiling heat
transfer coefficient data at heat fluxes higher than those obtained experimentally
would result in an actual boiler performance that would be lower than predicted

using Figure 46, due to early onset of the critical heat flux.
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